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 INTRODUCTION I.
Wine production and consumption have played important roles in human societies for more 
than six thousand years. Nowadays, wine is a popular and highly consumed beverage 
worldwide, and it is considered a key product on the food market. Until 2004, worldwide 
wine consumption increased steadily by 0,7% per year to 236.96 million hectoliters and 
represented a growing market. However the development from 2007 to date clearly indicates 
that wine consumption remains almost unchanged, in fact in 2010, a reduction of 1.4% was 
observed (http://www.wineinstitute.org). 
This can be explained by the drastic change in consumers taste for wine over the last few 
years, with consumers expecting better quality products with unique characters typical of 
specific regions. As consumers become more demanding in response to a greater choice of 
wines, and low-price products become increasingly uneconomical, producers all over the 
world are aiming to distinguish their products. Wine producers and grape growers are seeking 
unique attributes to improve the consumer experience. To achieve high prices on the wine 
market, the indication of the wine-producing region, the year of vintage, the vineyard location 
and the cultivation method, reduced pesticide usage and sustainable production, etc., are 
crucial factors.  
Recently, Qvevri wines (spontaneously fermented in amphora-like clay vessels) and other 
forms of low-intervention winemaking have become more popular among producers and 
consumers (Maria Rosaria Provenzano et al. 2010, Kaltzin 2012). Some wine producers and 
viticulturists are reviving traditional winemaking methods to create unique attributes that 
differenciate their products, improve the wine quality and increase the variety of complex 
flavours that characterize regional vineyards (Mandal 2010, Barisashvili 2011, Kaltzin 2012).  
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Traditional wine making methods based on spontaneous fermentation represent an innovative 
way to produce wines with complex oenological properties, bestowing unique and highly 
valuable attributes that add not only wine flavor and quality, but also help in marketing and 
sales. 
I.1 Qvevri wines 
Qvevris are amphora-like clay vessels buried into the ground up to their tops (Figure 1), and 
were used in older times for storing food products and producing wine (Barisashvili 2011).  
Traditional winemaking in Qvevris is one of the oldest known methods of wine production, 
originated in the current territories of Georgia (Phillips 2000, Barisashvili 2011). In this 
method, the Qvevri vessels are buried in the ground to provide natural temperature during 
fermentation. After the grapes have been foot pressed, the Qvevris are filled to ¾ of their 
capacity or almost up to the top, usually including both juice and pomace (i.e. skin and seeds). 
Fermentation occurs naturally in the Qvevris without the deliberate addition of yeast, but the 
must is stirred occasionally to provide sufficient oxygen for the yeast and to favour the 
maceration and extraction of skin and seed components (Barisashvili 2011). When 
fermentation is complete, the Qvevris are covered with cork lids, sealed with wet clay and 
stored for a few months or even years, depending on the attributes desired by the winemaker 
(Jackson 2008, Barisashvili 2011).  
The principal benefit of using Qvevris is that a stable temperature can be maintained during 
the whole process, varying only a few degrees between winter and summer, achieving optimal 
temperatures for fermentation and wine storage (Barisashvili 2011). 
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Figure 1: Qvevri vessels buried into the ground. Source: Fraunhofer IME.  
 
I.2 Winemaking: traditional vs conventional 
Vinification is the process of batch-type fermentation in which nutrients present in grapes 
(mainly sugars) are consumed by yeasts and converted to ethanol and other metabolites (e.g. 
volatiles compounds, organic acids, phenols, etc.). Since this an ancient process there are 
several different winemaking styles. In simple terms winemaking is the process of producing 
wine from grapes. However, it is a complex process which is divided into sequential stages. 
The first is the biological stage in which the grapes are grown, ripened and collected. In this 
point the basic quality of wine is set. The second phase is the microbiological phase, called 
fermentation, when micro-organisms (yeast and bacteria) convert sugars into alcohol and 
carbon dioxide; and bacteria produce enzymes that convert malic acid into lactic acid. The 
third is the physical or clarification stage, during which particles and micro-organism matter 
in the wine settle by gravity force and filtration. The fourth phase, before the bottling, is the 
chemical or ageing phase during which various components of the wine combine with 
oxygen, or each other, to form other compounds (Boulton et al. 1998, Jackson 2008, Mills et 
al. 2008). 
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Traditional winemaking methods are characterised by the second stage, with the use of the 
native micro-organisms to spontaneously ferment the wine, in clay Qvevri vessels under 
natural conditions (Phillips 2000, Barisashvili 2011). In conventional winemaking (or 
European-style wines) the must is fermented in steel tanks (under controlled conditions) using 
selected dried yeasts. Another important difference at this stage is the fermenting material; in 
traditional methods the grape juice is fermented with the pomace, regardless if the grape is a 
red or white wine variety (Jackson 2008, Barisashvili 2011); whereas in the conventional style 
only the red wines are fermented with pomace. In some cases, such as rose wines, the red 
varieties have a short maceration time with the skin and pips which are then removed to 
ferment only the juice. Some Qvevri wine producers have modified the traditional methods, 
e.g. by including mechanical crushers/destemmers, keeping the Qvevris above the ground, 
and use of non-traditional grape varieties (e.g. Saperavi and Rkatsiteli). However, most 
producers continue to use clay Qvevri vessels and to rely on spontaneous (non-inoculated) 
fermentation.  
A summary of the winemaking process and its differences is outlined in Figure 2.  
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Figure 2: Scheme of traditional and conventional winemaking methods. 
 
I.3 Spontaneous fermentation 
Spontaneous fermentation is the process in which the sugars of the grapes are fermented 
naturally by the yeast (“wild yeast”) present on the grapes and within the winery environment, 
without the addition of starter cultures. There is a wide range of micro-organisms present 
during fermentation, involving sequential development of them. In general, when no starter 
cultures are used, non-Saccharomyces yeast are the first group dominating the fermentation, 
followed by Saccharomyces yeast that normally complete alcoholic fermentation (Mora et al. 
1990, Fugelsang 1997, Egli et al. 1998, Combina et al. 2005). Some of the most common wild 
yeasts reported on grapes are Hanseniaspora uvarum (and its anamorphic form Kloeckera 
apiculata), which represent 50-70% of the yeast flora on grapes (Amerine and Kunkee 1968, 
Fleet and Heard 1993, Jackson 2008), and those of the genera Candida, Pichia, Rhodotorula, 
Kluyveromyces and Hansenula (Fleet and Heard 1993). However, the number of species and 
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their presence during fermentation depends on the temperature, rainfall, altitude of the 
production area, pest control agents used on the vineyard (Amerine and Kunkee 1968), the 
winemaking process (Cuinier 1978) and the type of wine produced (Poulard 1984). 
Saccharomyces cerevisiae is the principal yeast involved in alcoholic fermentation. It is 
usually absent or is rarely present on grapes but is instead associated with the winery 
environment and is incorporated into the must during fermentation through the natural 
handling of the vessels (Frezier and Dubourdieu 1992, Longo et al. 1992, Vaughan-Martini 
and Martini 1995, Constantí et al. 1997). The non-Saccharomyces yeast grow well during 
early stages of fermentation, when the ethanol concentration is still low, being later replaced 
by Saccharomyces, which are more tolerant to ethanol.  
Fermentation in Qvevris, as a non-controlled process, can generate small changes in the 
temperature during the fermentation that can affect the ethanol yield (decreasing with the 
increase of the temperature), and also the evolution of the yeast population. During the 
fermentation, the sensitivity of less alcohol tolerant yeast species is decreased when 
temperatures are below 15-20°C. Aromatic properties are then enhanced imparting novel 
flavor profiles due to the synthesis of fruit esters. Fruit esters such as isoamyl, isobutyl, and 
hexyl acetates,  are synthesised and retained to a greater degree at cooler temperatures. The 
cooler storage of white wines confers the highly valued characteristic flavour of fruitiness (Di 
Maro et al. 2007, Sener et al. 2007, Jackson 2008). 
I.4  Yeast identification and quantification 
Successful cultivation of yeasts from grapes and must and their identification requires the use 
of culture media. Numerous types of culturing media, either liquid broths or agar solids, are 
used for the isolation, detection, or enumeration of yeasts from grape juices and wines (Morris 
and Eddie 1957, King and Beelman 1986). In-vitro culture methods and conditions are often 
laborious but widely used to study yeast population dynamics. However, the phenotypic 
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characters displayed by yeast are often influenced by the culture conditions and variability of 
the particular strain. This, alongside the existence of “viable but non-culturable” (VBNC) 
micro-organisms present during vinification leads to inaccurate classification and conclusions 
regarding population dynamics. A more precise method to identify isolated yeasts is with the 
use of Restriction Fragment Length Polymorphism (RFLP). With RFLP it is possible to 
differentiate DNA between individuals in a population by the analysis of patterns derived 
from cleavage of their respective DNA. Thus, when DNA from two different individuals is 
cut with one or more restriction enzymes, fragments of different lengths are produced, and the 
pattern of those fragments is unique for different members of a population. In yeasts, the 
similarities and differences in the patterns generated can then be used to differentiate species 
and even strains (Johansson et al. 1995, Cocolin and Ercolini 2007). 
Quantitative real time PCR (qPCR) represents a faster and reliable alternative to identify and 
quantify yeast during fermentation. The method is based on the amplification of a DNA target 
which is linked to a fluorescence reporter molecule. There are several reporters that can be 
used, however SYBR Green is the most common one used for detection of wine- related 
microorganisms (Fleet 1993). The main advantage of using qPCR is its low detection limits, 
as low as 10 CFU mL-1. While qPCR is not able to differentiate between living and non-living 
cells, it is still important to quantify non-culturable cells.Regardless of whether such cells are 
truly VBNC or simply sub-lethally injured, they continue to influence wine flavour and 
palatability (Fleet 1993, Cocolin and Ercolini 2007). In this study both isolation in culture 
media and qPCR were used to detect and identify yeast.  
I.5 Influence of yeast on wine aroma 
Wine aroma is a unique and complex matrix of primary aromas given by the geography, 
geology (soil) and climatic conditions in where the grapes are grown, which together are 
denominated “terroir” (van Leeuwen et al. 2004, Grifoni et al. 2006, Pagay and Cheng 2010); 
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the secondary aroma formed during fermentation process; and the tertiary aromas given by the 
aging and post-fermentative process.  
The aroma complexity of a wine increases during alcoholic fermentation as a product of the 
synthesis of volatile compounds by wine yeast and the release of varietal aroma precursors 
(Swiegers et al. 2005). The origin and levels of these compounds produced depends on 
several factors such as nitrogen content of the must, fermentations temperature, yeast strains, 
and suspended solids in the juice (Lambrechts and Pretorius 2000, Romano et al. 2003, 
Jackson 2008). The main aromas produced during the fermentation belong to the presence of 
esters (fruity and floral aromas), formed biologically inside microbial cells; aldehydes 
(buttery, fruity and nutty aromas), higher alcohols (fusel, marzipan and floral aromas), among 
others, that together provide the total impression of a wine (Stashenko et al. 1992, Lambrechts 
and Pretorius 2000, Delfini et al. 2001, Fleet 2003). Some of these compounds can be 
undesirable when present in higher concentration, such as acetaldehyde, acetic acid, ethyl 
acetate higher alcohols and diacetyl (Lambrechts and Pretorius 2000). Esters, are major wine 
constituents and responsible of the pleasant fruity-like aromas, and are formed by the 
condensation of an alcohol and a coenzyme-A-activated acid. The ability of yeast to 
synthesise these compounds differs between yeast strains (Lambrechts and Pretorius 2000, 
Wondra and Berovic 2001). Higher alcohols are the largest group of aroma compound in 
wine, and can be recognised by their strong, pungent aroma. The formation of higher alcohols 
can be through sugar metabolism, or from amino acids, synthesised via the Ehrlich pathway 
(Boulton et al. 1998, Eden et al. 2001). Higher alcohols contributes to the complexity of a 
wine, however, at a high concentration becomes unpleasant. 
Apart from the well-known S. cerevisiae, it is now recognised that non-Saccharomyces 
species contribute to enzymatic reactions occurring in the must during the early stages of 
vinification, enhancing the production of some volatiles (Heard and Fleet 1986). Non-
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Saccharomyces yeast contribute to the aroma compound formation thought the release of 
some enzyme, such as pectinases (Candida, Cryptococcus, Kluyveromyces, and Rhodotorula), 
glucosidases, especially, β-glucosidase (Candida, Debaryomyces, Hanseniaspora, Kloeckera, 
Kluyveromyces, Metschnikowia, Pichia, Saccharomycodes, Schizosaccharomyces, and 
Zygosaccharomyces) and esterases among others (Esteve-Zarzoso et al. 1998) . 
Some of wine aroma produced has specific functions in the yeast cell whereas the function of 
others is still speculative. Sometimes secondary aromas can be produced due to diverse causes 
such as failed or stuck fermentations, premature bottling, presence of spoilage yeast,  poor 
sanitary conditions, etc., producing undesirable aromas. Some non-Saccharomyces yeast are 
considered spoilage yeast due to the elevate amount of these aromas. For example, 
Hanseniaspora uvarum, which is considered a spoilage yeast  able to produce up to 2 g L-1 of 
acetic acid during the fermentation, Brettanomyces/Dekkera spp. producing 4-ethylphenol, 
and other species as Pichia and Candida sp. (Loureiro and Malfeito-Ferreira 2003). The most 
important spoilage metabolites produced by non-Saccharomyces wine yeast are acetic acid, 
acetaldehyde and ethyl acetate (Chatonnet et al. 1995). 
In wine it is difficult to determine the sensory influence of the individual compounds due to 
the existence of complex mixtures and interactions. Certain volatile compounds disappear, 
other remains unchanged, and others appear with the yeast metabolism. Indigenous non-
Saccharomyces yeast may have a significant and favourable effect on flavour development. 
The synergistic interaction among the different yeast and their effects on sensory properties is 
yet to be fully investigated.  
I.6 Influence of the skin contact time 
During winemaking, phenolic compounds and minerals are transferred from solid parts of the 
grape into the wine. The transfer depends on several factors including the concentration of 
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these compounds in the grapes, the level of pressing, maceration time, fermentation contact 
time, temperature, and alcohol levels.  
A primary, and very important, technique of Qvevri winemaking is leaving the wine to steep 
in its own pomace, both during fermentation and afterwards. This extended skin and seed 
contact time is supposed to favour the transfer of both phenolic content and minerals into the 
wine. At present there is no research to support this for Qvevri wines.  
The seeds contain the highest concentration of phenolic compounds and most of these 
compounds are monomeric flavan-3-ols (catechins) and procyanidins. Both grape skins and 
seeds contain monomeric, oligomeric, and polymeric proanthocyanidins; the mean degree of 
polymerisation being higher for skin flavanols (Darias-Martı́n et al. 2000, Fuhrman et al. 
2001, Torres and Bobet 2001, Dai and Mumper 2010). The phenolic compounds of wine have 
been the center of attention in recent studies since the reduced risk of cardiovascular disease 
associated with moderate wine consumption (Gonzalez-Paramas et al. 2004, Yıldırım et al. 
2005, Walzem 2008). The antioxidative properties of phenols may also exert a chemo-
preventive role toward degenerative diseases (Ruberto et al. 2007), as well as acting as 
preventative agents against skin cancer and other diseases (Torres and Bobet 2001). 
The mineral content in wine is influenced by many factors such as mineral composition of 
soil, viticultural practices, and environmental conditions in which the grapes are grown. The 
important minerals include: potassium, iron, calcium, copper, etc, with potassium being the 
most common mineral (50 - 70% of the cations in the juice). Determination of the type and 
quantity of metal content in wine is of great interest because of the influence on wine quality, 
chemical stability, hygenic and dietetic characteristics, aroma/flavors, benefits for human 
health, as well as toxicological implications (Fernández Pereira 1988, Walzem 2008, 
Barisashvili 2011). 
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I.7 Objectives 
Despite the increasing interest in traditional methods, there is little information about the 
microbiological and chemical properties that distinguish traditional and conventional wines. 
The analysis of yeast dynamics during fermentation, is important because is expected to 
determine the wine quality. Wines produced by traditional wine making methods based on 
spontaneous fermentation have a very complex composition that affects flavour due to a 
multitude of fermentation factors plus the lack of control of the production methods that often 
causes variations in fermentation progression and the development of off-flavors, defective 
wines are produced. For this reason the outcome of spontaneous fermentation is difficult to 
predict (Di Maro et al. 2007). 
The analysis of phenolics and minerals is particularly important because the Qvevri 
winemaking process is expected to promote their accumulation. The phenolic content may be 
increased because of the long skin and seed maceration time (Marais and Rapp 1988, Darias-
Martı́n et al. 2000), whereas a higher mineral content might be expected from the contact 
between the wine and the walls of the clay vessels (Velde and Courtois 1983). Accordingly, 
the characterization of important organic and mineral constituents of wines is necessary 
because they influence its quality by providing chemical stability, aromas, flavors and health-
promoting compounds (Walzem 2008, Barisashvili 2011). In this study of prospective 
character, the concentrations of some of the most important organic and mineral components 
were therefore analyzed in a range of commercial Qvevri wines. 
Several studies have focused on characterisation of yeast and bacteria populations, and 
defining the aroma composition of wines during the spontaneous fermentation process. 
However, transfer of this knowledge to wineries and prediction of the final outcome of a wine 
distinct properties and flavours when performing spontaneous fermentation remains a 
challenge. Despite the uncertainty of the final product, increasing popularity of Qvevri wine 
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production due to increased market competition for new flavours and a focus on consumer 
demand has led to a need to better characterise the yeasts in Qvevri wines and their effects on 
aroma and flavour.  
The experimental flow chart is described in Figure 3. 
I.8 Specific goals 
• Assessment of the variations in cellar microflora and grape microflora. 
• Comparative analysis of wine-making processes when using wild or cultured yeasts in 
the fermentation process. 
• To establish a relationship between time of skin contact and aroma complexity, as well 
as wine colour and tannins. 
• Assessment of the wine-making temperature when using Qvevri vessels and the 
effects on wine quality. 
• To identify parameters that influence wine quality in regards to the Qvevri method. 
 
Figure 3: Experimental flow chart. 
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 MATERIALS AND METHODS II.
II.1 MATERIALS 
 Chemicals II.1.1
All chemicals used were purchased from the following companies: 
 BD Biosciences (Heidelberg, Germany) 
 Bioline (Berlin, Germany) 
 Bio-Rad (Munich, Germany) 
 Clontech (Mountain View, USA) 
 Fermentas (St. Leon-Rot, Germany) 
 GEN-IAL GmbH (Troisdorf, Germany) 
 Invitrogen (Karlsruhe, Germany) 
 KMF Laborchemie Handels GmbH (Vienna, Austria) 
 Metabion (Martinsried, Germany) 
 Merck (Darmstadt, Germany) 
 MWG-Biotech (Ebersberg, Germany) 
 New England Biolabs (Frankfurt am Main, Germany) 
 Omega Bio-Tek (Atlanta, USA) 
 Randox (London, UK) 
 R-Biopharm (Darmstadt Germany)  
 Roche (Mannheim, Germany) 
 Roth (Karlsruhe, Germany) 
 Sigma (Deisenhofen, Germany) 
 DSMZ (Braunschweig, Germany) 
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 Consumables II.1.2
Consumables necessary to complete this research originated from the following companies: 
 BD Biosciences (Heidelberg, Germany) 
 Bioline (Berlin, Germany) 
 Bio-Rad (Munich, Germany) 
 Clontech (Mountain View, USA) 
 Fermentas (St. Leon-Rot, Germany) 
 Invitrogen (Karlsruhe, Germany) 
 KMF Laborchemie Handels GmbH (Vienna, Austria) 
 Merck (Darmstadt, Germany) 
 MWG-Biotech (Ebersberg, Germany) 
 New England Biolabs (Frankfurt am Main, Germany) 
 Roche (Mannheim)Roth (Karlsruhe, Germany) 
 Sigma (Deisenhofen, Germany) 
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 Equipment II.1.3
Table 1: List of equipment used. 
Equipment Model/Provider 
Heating block Thermomixer comfort (Eppendorf, Germany) 
Incubator Function Line (Heraeus Instruments, Germany) 
Air tester Millipore M Air Tester T (Millipore, USA) 
PCR-Thermocycler VWR UnoCycler (VWR International, Belgium) 
Primus 96 Plus (MWG-Biotech, Germany) 
Real time PCR ABI 7300 Real-Time PCR System (Applied Biosystem Hitachi, Japan) 
pH-Meter pH 197i (WTW, Germany) 
Spectrophotometer U-1000 (Hitachi Ltd., Japan) 
Orbital incubator INNOVA 42R (New Brunswick Scientific, USA) 
Sequencer 3130 Genetic Analyzer (Applied Biosystem Hitachi, Japan) 
Sterile bench Hera Safe (Heraeus, Germany) 
Balance AB204 (Mettler Toledo, Switzerland) 
Kern 572 (Kern, Germany) 
Centrifuges Biofuge Pico (Heraeus, Germany) 
DNA Speed Vac DNA 110 (Savant Instruments, USA) 
Inductively coupled plasma 
optical emission 
spectrometry 
IRIS Intrepid II XSP (Thermo Electron Corporation, UK) 
Flame atomic absorption 
spectrometry Solaar AA Series Spectrometer (Thermo Electron Corporation, UK) 
Microwave-system Ultra Clave II (MWS Vertriebs GmbH, Germany) 
Gas chromatograph 6890 Network (Agilent, USA) 
Mass selective detector 5973 Network (Agilent, USA) 
Autosampler MPS (Gerstel, USA) 
 
 Software II.1.4
Table 2: List of used software. 
Software Name/Provider 
Real Time PCR Analysis Sequence Detection System 1.9.1. (Applied Biosystems) 
 Dissociation Curve 1.0 (Applied Biosystems) 
GC-MS Analysis MSD Chemstation D.01.02.16 Windows 2000 (Agilent Technologies) 
  Gerstel Maestro 1 Version 1.3.2.33/3.3 (Gerstel) 
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 Kits, enzymes and primers  II.1.5
Table 3: List of kit, enzymes and primers.  
Kit  Name/Provider 
DNA extraction from yeast First-Beer Magnetic DNA kit (GEN-IAL GmbH, Germany) 
Real time PCR Kit Platinum SYBR® Green qPCR Super-Mix-UDG” (Invitrogen, Germany) 
DNA purification for 
sequencing Cycle Pure Kit (Omega Bio-Tek, USA) 
Glucose/Fructose Enzytec Fluid Glucose/Fructose (R-Biopharm, Germany) 
Ethanol Enzytec Fluid Ethanol (R-Biopharm, Germany) 
Acetic Acid Enzytec Fluid Acetic Acid (R-Biopharm, Germany) 
Malic Acid Enzytec Fluid L-Malic acid (R-Biopharm, Germany) 
Tartaric Acid Enzytec Color Tartaric Acid (R-Biopharm, Germany) 
Total Antioxydant Status Total Antioxydant Assay (Randox, UK) 
BstY I Restriction enzyme (New England Biolabs, Germany) 
Primers Different set of primers (Metabion, Germany) 
 
 Solutions, media, buffers and standards II.1.6
Table 4: Yeast isolation and culture media. 
Bengale red Lysine Agar (non- Saccharomyces species) 
Agar  1.5 % (w/v) Lysine medium 6.6 % (w/v) 
Glucose 1 % (w/v) Potassium lactate 10 % (v/v) 
Papaic digest soybean meal 0.5 % (w/v)   
KH2PO4 0.1 % (w/v) 
  MgSO4 x 7 H2O 0. 05 % (w/v) 
  Rose bengal 0.005 % (w/v) 
  Chloramphenicol solution  1 % (w/v) 
  YPD* Medium YPD* Agar 
Yeast extract 1 % (w/v) Yeast extract 1 % (w/v) 
Bacteriological Peptone 2 % (w/v) Bacteriological Peptone 2 % (w/v) 
Glucose 2 % (w/v) Glucose 2 % (w/v) 
Chlorampenicol 0,1 ppm Chlorampenicol 0,1 ppm 
    Agar 1.5 % (w/v) 
* Yeast extract peptone dextrose 
   
 
 
 
 
 
 
 
22 
Table 5: DNA extraction buffer from must and wine. 
CTAB Buffer 
100 ml 1 M Tris HCl pH 8.0 
280 ml 5 M NaCl 
40 ml  of 0.5 M EDTA 
20 g of CTAB (cetyltrimethyl ammonium bromide) 
Bring total volume to 1 L with ddH2O. 
 
Table 6: Tannis assay buffer 
Tannins Assay 
Name in Procedure  Description  
Buffer A (Washing Buffer)  
200 mM acetic acid  
170 mM NaCl 
pH adjusted to 4.9 with NaOH 
Buffer B (Model Wine)  
0.5 % (w/v)potassium bitartrate (KHTa) 
12% (v/v) ethanol 
pH adjusted to 3.3 with HCl 
Buffer C (Resuspension Buffer)  
5% (v/v) triethanolamine  
5% (w/v) SDS  
pH adjusted to 9.4 with HCl 
Protein Solution  0.1 % (w/v) bovine serum albumin  
dissolved into Buffer A 
Ferric Chloride Reagent  
0.01 N HCl  
10 mM FeCl3 
Catechin Standard  0.1 % (w/v) (+)-catechin solution  
dissolved in a 10% (v/v) ethanol 
 
Table 7: Anthocyanins assay buffers 
Buffer pH 1.0   Buffer pH 4.5  
1.7 M HCl 200 mM HCl 
50 mM KCl 4.84 % (w/v) CH3COONa x 3 H2O  
 
 
 
 
23 
Table 8: Standards and solutions  
Name Provider  
Buffer pH 4.01  Agilent Technologies, USA 
Buffer pH 7.00 Agilent Technologies, USA 
CPI-standard CPI International, Amsterdam, Netherlands 
ICP multi element standard solution IV 
Certi Pur       Merck, Darmstadt, Germany 
Phosphorus ICP standard P CertiPur Merck, Darmstadt, Germany 
TMDA-70 National water research institute, Environment Canada, Canada  
LCG-River Water LGC, London, UK 
ICP multi element standard solution XXI 
CertiPur Merck, Darmstadt, Germany 
HNO3 69% (w/v) Supra Roth, Karlsruhe, Germany 
 
II.2 METHODS 
 Wild yeast characterisation II.2.1
The endogenous yeast flora of a particular winery located in Salgesch, Valais region, in 
Switzerland was studied during 2008-2009. The wild yeast present in vineyards, cellars, and 
on grapes were isolated and identified. This winery was selected for being a pioneer, at 
European level, for re-adopting Qvevri wine production. 
II.2.1.1 Isolation of yeast from winery environment and must samples 
The yeast present in the winery environment (vineyard, winery facilities, and cellar) and wine 
must were screened. 
In the vineyard, grape berries were placed in direct contact with plates containing Rose 
Bengal Chloramphenicol Agar (RBCA) (Table 4), a selective medium for yeasts and moulds. 
To sample the air, 1000 L of vineyard air surrounding the grapes were pumped through a 
Millipore M Air Tester T (Table 1) and the collected residue plated on RBCA as above. 
Environmental yeast flora from the winery facilities were also sampled. Contact samples were 
taken from the inner surface of the clean fermentation tanks before filling them with grape 
24 
juice, and 1000 L of air inside the cellar was also filtered and the collected residues were 
plated as above. All the environmental samples were collected in triplicate. 
II.2.1.2 Identification of predominant yeasts by PCR-RFLP 
A terminal restriction length polymorphism (T-RFLP) method was developed and optimised 
for yeast identification, based on restriction patterns generated from the genomic region 
spanning the internal transcribed spacers (ITS1 and ITS2) and the 5.8S rRNA gene. These 
regions show low intraspecific polymorphism and high interspecific variability, and have 
previously been shown to distinguish 26 yeast species found on grapes, in cellars and/or wine 
musts (Baldwin 1992, Chen et al. 2001). The yeast cultures for the establishment of the 
method were obtained from the German collection of micro-organisms and cell cultures 
(DSMZ).  
Total DNA from the isolated colonies was extracted using the First-Beer Magnetic DNA kit 
(Table 3) and amplified using primers ITS-5 (5'-GGA AGT AAA AGT CGT AAC AAG G-
3') and ITS-4 (5'-TCC TCC GCT TAT TGA TAT GC-3') followed by a second round of 
amplification with the nested primers ITS-1 (5'-TYC GTA GGT GAA CCT GCG G-3') and 
ITS-2 (5'-GCT GCG TTC TTC ATC GAT GC-3'). The first reaction mixture comprised 200 
µM of each dNTP, 10 x PCR buffer, 0.5 µM of each primer, 1 µL of extracted yeast DNA and 
1.25 U Hot Start Polymerase (Table 3) in a total volume of 25 µL. The samples were 
amplified in a thermocycler (Table 1) by denaturing at 95°C for 3 min followed by 15 cycles 
of denaturing at 95°C for 30 s, annealing at 57°C for 30 s and extension at 72°C for 1 min, 
and a final extension step at 72°C for 5 min. The nested amplification mixture comprised 200 
µM of each dNTP, 10 x PCR buffer, 0.5 µM of each primer (labeled if necessary for product 
size determination, see below), 2.5 U hot start polymerase (see above) and 0.5 µL template 
DNA (from the first-round PCR) in a total volume of 50 µL. The mixture was denatured at 
95°C for 3 min then amplified by 20 cycles of denaturing at 95°C for 30 s, annealing at 62°C 
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for 30 s and extension at 72°C for 1 min, followed by a final extension at 72°C for 5 min. The 
products were digested with the enzyme BstYI (Table 3) at 60°C for 1 h. The length of the 
terminal fragment was determined using a genetic analyzer (Table 1) prior to purification of 
the samples using the Cycle Pure Kit (Table 3). 
 Wild yeast dynamics during fermentation II.2.2
Wild yeast dynamics during spontaneous fermentation were studied at different fermentation 
stages. The first stage was to conduct pilot studies in steel tanks during 2008 and 2009, in 
which the population was monitored by isolation on plated media and identified by PCR-
RLFP according to chapter II.2.1.2; the second stage included monitoring of fermentation in 
Qvevris during 2010 and 2011 harvest, in which the yeast dynamics were monitored with 
qPCR (see II.2.2.6 and II.2.2.7); and the third stage included flask fermentations that were 
performed in the laboratory under controlled conditions and monitored with qPCR. 
II.2.2.1 Samples 
Grapes and must samples were collected from the vineyards of the winery Albert Mathier et 
Fils S.A., in Salgesch, Valais, Switzerland during the 2008–2011 harvest seasons. The grape 
varieties studied are listed in Table 9. Samples were collected in situ and frozen at -20°C 
during transport prior to analysis.  
Grapes samples, 10-15 kg approx., were collected every year during the harvest to be used in 
flask fermentations in the laboratory. After collection, the samples were transported 
immediately (at 4°C) to the laboratory and frozen at -20°C until analysed. During 
fermentation, 50 mL of must (in triplicate) was collected from the beginning until the end, 
every 2-3 days. The samples were collected, immediately sealed and frozen at -20°C in the 
dark until they were transported to the laboratory, and immediately analysed.  
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Table 9: Grape varieties used for the analysis of dynamic wild yeast populations during spontaneous 
fermentation in stainless steel tanks and qvevris. 
Harvest 
                         2008-2009 (steel tanks) 2010-2011 (Qvevris) 
Grape variety 
  
Pinot Noir (R) Chardonnay (W) Resi (W) 
Cornalin (R) Petit Arvine (W) Ermitage (W) 
  Gutedel (W)   
(R): red variety; (W): white variety 
  
II.2.2.2 Spontaneous fermentation in pilot steel tanks 
Five different grape varieties from the 2008–2009 harvests (Table 9) were processed by 
spontaneous fermentation to determine the predominant yeast species present, at the different 
fermentation stages. Pre-fermentation steps, such as harvesting and pressing, were carried out 
according to routine winery procedures. Pressed grapes were fermented with the skin to make 
red wine, or were clarified before fermentation to produce white wine. Duplicate 
fermentations were carried out in the winery cellar using new 110-L stainless steel tanks, 
without starting yeast cultures. Liquid samples (50 mL, in duplicate) from the fermenting 
musts were collected daily, frozen inmediately at –20°C and stored in the dark prior to 
analysis. Immediately after defrosting, liquid samples were centrifuged at 4000 rpm for 5 min. 
The supernatant was tested for chemical parameters (II.2.2.5), and the pellet was re-suspended 
in 100 µL distilled water, plated on RBCA medium (Table 4) and incubated at 30°C for 3–7 
days, and then stored at 4°C prior to analysis. 
II.2.2.3 Spontaneous fermentation in Qvevris 
Spontaneous fermentation in Qvevris was studied during the 2010 and 2011 harvest seasons. 
The white grape varieties Resi and Ermitage (Table 9) were harvested, crushed and fermented 
in 1500-L Qvevris without clarification. Production using Qvevris was part of a new winery 
production method, therefore everything was done according to routine winery procedures. 
Samples (50 mL) were taken in triplicate at 2–3-day intervals throughout fermentation, i.e. 
every time the Qvevris were opened to stir the must. Samples were maintained according to 
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II.2.2.1. Immediately after defrosting, the samples were divided for DNA extraction (II.2.2.6), 
monitoring fermentation parameters (II.2.2.5) and aroma analysis (II.2.3.4). 
II.2.2.4 Micro-fermentations in the laboratory under different temperatures  
Despite the fact that Qvevris can maintain relatively constant temperature during 
fermentation, small variations that are product of the fermentation process, can lead to 
differences in yeast behavior and dynamics, thereby affecting the quality of the resultant wine. 
For this reason, spontaneous fermentation was performed in flasks, under a delimited range of 
temperatures, to evaluate how this affects the wild yeast population. To perform the 
fermentations grapes from the varieties Resi (2010 and 2011) and Cabernet Franc (2010) were 
used. The grapes were mashed separately using a blender, and 400 mL of the resulting must 
(grapes juice and pomace) was added into 500 mL flasks sealed with a fermentation tube to 
allow carbon dioxide, produced by the metabolisation of the sugar by yeast, to escape. Two 
flasks per grape variety were prepared for each temperature treatment. Flasks were incubated 
on an orbital shaker (Table 1) in the dark at 18, 24 and 28°C with slow agitation (300 rpm). 
Samples of 15 mL were taken every day until the fermentation was completed. The samples 
were divided for monitoring fermentation parameters (II.2.2.5) and DNA extraction for qPCR 
analysis (II.2.2.6 and II.2.2.7). At the end of the fermentation samples were taken for aroma 
analysis (II.2.3.4).  
II.2.2.5 Fermentation parameters 
The fermentations were monitored by measuring glucose/fructose consumption and ethanol 
formation during fermentation, and the acetic acid content at the end of the fermentation. The 
dryness (residual sugar), the ethanol yield and the production of acetic acid were used as 
parameters for determining the success of the fermentation. High production of acetic acid 
and high levels of residual sugar are recognised as a common pattern in apiculate yeasts, 
charactersing them as spoilage yeasts (Romano et al. 2003). 
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The parameters were determined by spectrophotometry (Table 1) at 20 ± 1°C using the D-
Glucose/D-Fructose, Ethanol and Acetic Acid enzymatic kits provided by R-Biopharm (Table 
3), according to the manufacturer´s instructions. Standards and controls were provided in the 
kits. All measurements (duplicate fermentations) were taken in triplicate. The pH was 
measured using a pH meter calibrated (Table 1) using buffer solutions pH 4.01 and 7.00 
(Table 8).  
II.2.2.6 DNA extraction from yeast and must for identification 
DNA extractions of the isolated yeast and must were done with the First-Beer Magnetic DNA 
kit (Table 3) and the CTAB method, respectively. Both methods ensure an appropriate DNA 
extraction and purity for the RFLP and qPCR analysis.  
The DNA was extracted from the must using a modified CTAB method (Lodhi et al. 1994) in 
which 10 mL sample were centrifuged for 1 min at 3000 rpm to sediment the skin and seeds 
before the standard protocol was applied. The extracted DNA was then tested by qPCR to 
identify the wild yeast specied present during spontaneous fermentation.  
II.2.2.7 Real time PCR 
The real time PCR was conducted in an ABI Prism 7300 Real-Time PCR System (Table 1). 
Each reaction comprised 7.5 µL Platinum SYBR Green qPCR SuperMix-UDG (Table 3), 200 
nM of each primer (Table 3) and 0.3 µL template DNA extracted from musts, in a total 
volume of 15 µL. The mixture was heated to 50°C for 2 min and then 95°C for 2 min, 
followed by 40 cycles of denaturation at 95°C for 15 s and annealing/extension at 60–63°C 
differing according to each primer pairs (Table 10) for 45 s. The cycling temperature was then 
increased by 0.3°C every 10 s from 63 to 95°C to obtain the melting curve. The DNA 
concentration in the samples was limited to 50 ng per analysis except for the standard curves 
prepared from samples containing a known number of yeast cells obtained from the DSMZ. 
All yeast species were cultivated in Yeast Extract Peptone Dextrose (YPD) agar (Table 4) at 
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30°C for 24 h. The cells were counted using a Neubauer haemocytometer. The DNA was 
extracted using the First-Beer Magnetic DNA kit and serially diluted (1:10) from 107–108 
down to 1 cell mL-1. Each point on the calibration curve was measured in duplicate. 
Conventional and real-time PCR was carried out using a range of yeast species to verify the 
specificity of each primer set. 
Table 10: Specific primers based on the ITS region used for qPCR analysis of yeast and fungal DNA. 
Yeast specie Primer name Primer sequence Product size 
Candida zeylanoides 
CZ-5fw 5´-CGATGAGATGCCCAATTCCA-3´ 
191 bp 
CZ-3bw 5´-GAAGGGAACGCAAAATACCAA-3´ 
Zygosaccharomyces 
florentinus 
ZF-5fw 5´-CTTGAGCTCCTTGTAAAGC-3´ 
256 bp 
ZF-3bw 5´-CTAGGTTTTCTGCTGCCG-3´ 
Metschnikowia pulcherrima 
MP-5fw 5´-CAACGCCCTCATCCCAGA-3´ 
253 bp 
MP-3bw 5´-AGTGTCTGCTTGCAAGCC-3´ 
Williopsis saturnus 
WS-5fw 5´-GGGTGTCCAGTGCTTTG-3´ 
199 bp 
WS-3bw 5´-CCCAAGAAGGGAAGATAATCAC-3´ 
Pichia kluyveri 
PK-5fw 5´- AGTCTCGGGTTAGACGT-3´ 
169 bp 
PK-3bw 5´-GCTTTTCATCTTTCCTTCACA-3´ 
Rhodotorula mucilaginosa 
RM-5fw 5´- GCGCTTTGTGATACATTTTC-3´ 
169 bp 
RM-3bw 5´- CCATTATCCATCCCGGAAAA-3´ 
Pichia angusta 
PANG-5fw 5´-GTGTCCATTTCCGTGTAAGA-3´ 
175 bp 
PANG-3bw 5´-AGCCCACCCACAAG-3´ 
Pichia anomala 
PA-5fw 5´-ACGTCATAGAGGGTGAGAAT-3´ 
197 bp 
PA-3bw 5´-AAACACCAAGTCTGATCTAATG-3´ 
Candida glabrata 
CG-5fw 5´-GAGGGTGTCAGTTCTTTGT-3´ 
224 bp 
GC-3bw 5´-GTGAGCTGCGAGAGTC-3´ 
Hanseniaspora uvarum 
HU-5fw 5´-GGCGAGGGATACCTTTTCTCTG-3´ 
172 bp 
HU-3bw 5´-GAGGCGAGTGCATGCAA-3´ 
Pichia fermentans 
PF-5fw 5´-TTGCCTATGCTCTGAGGCC-3´ 
170 bp 
PF-3bw 5´-TCCATGTCGGGCGCAAT-3´ 
Saccharomyces cerevisiae 
SC-5fw 5´-AGGAGTGCGGTTCTTTCTAAAG-3´ 
215 bp 
SC-3bw 5´-TGAAATGCGAGATTCCCCCA-3´ 
Torulaspora delbrueckii 
TD-5fw 5´-GTGGCGAGGATCCCAG-3´ 
186 bp 
TD-3bw 5´-CTATCGGTCTCTCGCAA-3´ 
 
II.2.2.8 Stadistical analysis 
To establish the relations between the fermentation temperature and the yeast predominance, 
principal component analysis (PCA) was carried out using the program Origin Pro 8.6 (Table 
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2). The aroma compounds included in the analysis were those which presented significant 
differences among the treatments (Tukey test, p < 0.05).  
 Impact of wild yeast on aroma II.2.3
II.2.3.1 Aroma profile during spontaneous fermentation in Qvevris 
To study the effect of wild yeast interactions on wine aroma, the samples generated during 
Qvevri fermentations (II.2.2.3) were utilised. Headspace gas chromatography mass 
spectrometry (HS-GCMS) was used to measure the aroma profile (II.2.3.4). 
II.2.3.2 Aroma profile of micro-fermentations inoculated with wild yeast  
To determine the influence of wild yeast on the fermentation performance and the aroma 
composition of wines, the most predominant wild yeasts isolated from the must samples 
during spontaneous fermentation in the winery were evaluated for their fermenting aptitude 
and volatile compound production. Two set of experiments were performed during 2009 and 
2011, respectively.  
In the first set of experiments individual starter cultures of P. burtonii, P. anomala, S. 
bayanus and H. uvarum, and mixtures of yeast were used (Table 11). The yeasts were selected 
after obtaining the results of the wild yeast characterisation of the grapes and winery 
environment. 
In the second set of experiments individual starter cultures of S. cerevisiae, S. bayanus and M. 
pulcherima were used. These yeast were selected as they were dominant in the Qvevri 
fermenting must during 2010. Both fermentation using a commercial strain of S. cerevisiae 
(Levuline) and spontaneous fermentation without the addition of any starter culture were 
performed as controls.  
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Table 11: Mixtures of yeasts used as starter cultures in laboratory micro-fermentations for aroma 
analysis. 
Mixture Strains 
MF 1 
Hanseniaspora uvarum 
Metschnikowia pulcherima 
Saccharomyces bayanus 
Saccharomyces cerevisiae 
MF 2 
Pichia burtonii 
Pichia anomala 
Saccharomyces bayanus 
Saccharomyces cerevisiae 
MF 3 
Pichia burtonii 
Pichia anomala 
Metschnikowia pulcherima 
Hanseniaspora uvarum 
Saccharomyces bayanus 
Saccharomyces cerevisiae 
MF = micro-fermentation 
II.2.3.2.1 Inoculum preparation 
Yeast starter cultures of the selected individual yeast, previously isolated from must samples, 
were grown for 24 h in YPD liquid medium (Table 4) to be used as inoculum. Total cell 
counts were carried out using a Neubauer haemocytometer (1 mm depth). Flasks prepared for 
fermentation were inoculated with10 mL of a yeast solution at concentration of 1 x 106 cells 
mL-1 per yeast strain. The non-Saccharomyces yeast were inoculated individually. The yeast 
mixture starter cultures were cultured by first growing each species individually for 24 h in 
YPD liquid medium (Table 4). Cells were then counted and adjusted to 1 x 106 cells m L-1 
before equal proportions were prepared to generate the mixtures.  
II.2.3.2.2 Fermentation conditions 
To avoid the effect of varietal aroma produced during fermentation, the same grapes were 
used for all the experiments, so that the effect observed could be identified as belongingto the 
yeast. All flasks fermentations were conducted in duplicate in 500 mL conical flasks 
containing 400 mL of grape must: Chardonnay in the first set of experiments and Resi in the 
second. Once inoculated with the starter cultures, the fermentation flasks were placed on an 
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orbital incubator (Table 1) at 24°C in the dark with slow agitation (300 rpm). The course of 
the fermentations was monitored by measuring the glucose consumption using the D 
Glucose/D-Fructose enzymatic kit (Table 3). Fermentation was allowed to proceed until 
completed. During the course of the mixed fermentations 200 µL aliquots were taken and 
streaked onto lysine medium (Table 4) to verify the presence of the non-Saccharomyces yeast 
component. Headspace gas chromatography mass spectrometry was used to measure the 
aroma profile (II.2.3.4). 
II.2.3.3  Aroma profile of samples fermented at different temperatures 
The influence of temperature during spontaneous fermentation on wine aroma composition 
was studied using the samples generated in chapter II.2.2.4. At the end of the fermentation 
samples were taken for aroma analysis (II.2.3.4). 
II.2.3.4 Headspace Gas Chromatography Mass Spectrometry (HS-GCMS) 
The volatile aroma profile of the samples (esters, higher alcohols, and volatile acids) was 
determined by headspace gas-chromatography mass-spectrometry (HS-GCMS). An Agilent 
6890 N gas chromatograph equipped with a split/splitless injector and an Agilent 5973 
Network mass selective detector was used (Table 1). A RTX-624 capillary column (Table 1), 
60 m length x 0.32 mm i.d. x 1.8 µm film thickness, was used for separation. The initial 
temperature program was: 35°C for 5 min, raised up 5°C/min to 100°C, and finally raised up 
7°C/min to 230°C. The carrier gas was helium at 0.8 ml/min in constant flow mode. Before 
injection 5 ml of the must samples was incubated for 60 minutes at 45°C and then 1 mL taken 
from the headspace of the vial and injected in split mode (split ratio 3:1).  
II.2.3.5 Statistical analysis 
Data were analysed using OriginPro 8.6 statistical software (Table 2). Analysis of variance 
(one way ANOVA according to each data set) was used to compare the effects of the different 
yeast strains used for the inoculations, individually or combined with wine aroma. ANOVA 
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treatments that generated probability values below 0.05 were followed by a Tukey test and 
Holm-Sidak pro test comparing different conditions. All differences were considered 
statistically significant when p < 0.05. 
To establish the relations between the wine composition and the yeast inoculated, principal 
component analysis (PCA) was carried out using the program Origin Pro 8.6 (Table 2). The 
aroma compounds included in the analysis were those which presented significant differences 
among the treatments (Tukey test, p < 0.05).  
 Characterisation of selected chemical features in Qvevri wines II.2.4
This part of the work belongs to a descriptive characterisation of the most important chemical 
characteristics of Qvevri wines. The analyses included measurement of residual glucose, pH, 
tritatable acidity, acids (i.e. tartaric, malic, lactic, and acetic), phenolics (i.e. total phenols, 
tannins, and anthocyanins), total antioxidant status, and the content of selected minerals (i.e. 
calcium, magnesium manganese, potassium, zinc, iron and copper). 
II.2.4.1  Samples 
Twenty wine samples (fifteen white and five red) were obtained from various European 
wineries producing wines in Qvevri vessels (Table 12). The white wines were derived either 
from single grape varieties (Malverina, Terralba, Graf Morilon, Rkatiseli, Fontasana, Riesling 
and Vitovska) or from blends (Resi-Ermitage) whereas all the red wines were derived from 
single grape varieties (Cabernet Franc, Saperavi and Nero d’Avola). All wines were 
spontaneously fermented and the grapes were crushed using mechanical crushers. For each 
wine sample, two bottles were analyzed immediately after opening and the remaining stock 
was stored under nitrogen at 4 ± 1°C in amber bottles to minimize chemical changes. 
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Table 12: Wine samples used for the characterisation of qvevri wines. 
Grapes variety Colour Year of harvest Country 
Malverina White 2008 Czech Rep 
Resi White 2010 Switzerland 
Cabernet Franc Red 2010 Switzerland 
Resi White 2009 Switzerland 
Saperavi Red 2008 Georgia 
Terralba White 2006 Italy 
Terralba White 2007 Italy 
Graf Morilon White 2005 Austria 
Graf Morilon White 2007 Austria 
Fontanasanta White 2009 Italy 
- White 2009 Austria 
Saperavi Red 2007 Georgia 
Saperavi Red 2008 Georgia 
Rkatsiteli White 2008 Georgia 
Rkatsiteli White 2009 Georgia 
Rkatsiteli White 2008 Georgia 
Rkatsiteli White 2009 Georgia 
Riesling White 2005 Germany 
Nero d'Avola Red 2008 Italy 
Vitovska White 2006 Italy 
 
II.2.4.2  General wine parameters 
The wine samples were analyzed for pH, titratable acidity, specific acids (acetic, lactic, malic 
and tartaric acids), and residual glucose. The pH was measured using a pH meter calibrated 
(Table 1) using buffer solutions pH 4.01 and 7.00 (Table 8) before the measurements. 
Titratable acidity was determined by titrating 20 mL of each diluted sample (1:20 for red 
wines and 1:15 for white wines) with 0.1 N NaOH, using phenolphthalein as an indicator 
(changing from colorless to pink) (Rajković et al. 2007). The results were expressed as 
tartaric acid equivalents (g L-1) and all the measurements were taken in triplicate. The levels 
of glucose and the specific organic acids were determined by spectrophotometry (Table 1) at 
20 ± 1°C using enzymatic kits according to the manufacturer’s instructions (Table 3). The 
analytical sensitivity of the measurements according to the manufacturer are 0.2 mg L-1 
glucose, 0.1 mg L-1 acetic acid, 0.15 mg L-1 lactic acid, 0.25 mg L-1 malic acid and 0.1 mg L-1 
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tartaric acid, and the limits of detection are 0.4 mg L-1 glucose, 0.15 mg L-1 acetic acid, 0.15 
mg L-1 lactic acid, 0.25 mg L-1 malic acid and 0.1 mg L-1 tartaric acid. 
II.2.4.3 Measurement of total phenolics and antioxidants content 
The total phenolic content was determined using the Folin-Ciocalteu method and the results 
expressed as gallic acid equivalents (GAE) (Singleton and Rossi 1965). Anthocyanin levels 
were determined in red wines using the differential pH method, by diluting each sample 1:10 
with potassium chloride buffer (pH 1.0) and sodium acetate buffer (pH 4.5) and measuring the 
absorbance at 510 and 700 nm (Giusti and Wrolstad 2001). The total antioxidant status (TAS) 
was determined using the TAS kit (Table 3) based on the trolox equivalent antioxidant 
capacity method. The measurements were carried out at 37°C according the manufacturer’s 
instructions, and represent the integrated evaluation of antioxidant components in the wine, 
such as phenolic compounds. All measurements were taken in triplicate. 
II.2.4.4 Measurement of the mineral content  
The analysis of minerals was performed in a later stage of the project where 15 wines were 
available. The abundance of phosphorus (P), magnesium (Mg), calcium (Ca), zinc (Zn), 
manganese (Mn), iron (Fe) and copper (Cu) was measured by inductively-coupled plasma 
optical emission spectrometry (ICP-OES) using an Intrepid II instrument (Table 1), whereas 
levels of K were determined by atomic absorption spectrometry (AAS), using a Solar AA 
series spectrometer (Table 1) as described in Table 13. Each wine sample (5 mL) was 
digested in 2 mL HNO3 69% supra pure in quartz glass vessels using an Ultraclave II 
microwave system (Table 1). Digestions was carried out by heating the mixture from room 
temperature to 220°C, incubating at the same temperature for 30 min, then cooling to room 
temperature. After digestion, the samples were filled to 20 mL with ultrapure water. All 
measurements were taken in triplicate. 
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CPI-Standard (0–500 µg L-1) was used for the calibration of Cu and Fe. The accuracy of the 
method was verified using TMDA-70 and ICP Multielement Standard Solution IV CertiPUR 
as a reference material. ICP Multielement Standard Solution IV CertiPUR (0–5000 µg L-1) 
was used for the calibration of Ca, Mg, Mn and Zn. Phosphorus ICP Standard P CertiPUR (0–
5000 µg L-1) was used for the calibration of P. The method was verified using the TMDA-70, 
LCG-Water, ICP Multi Element Standard Solution XXI CertiPUR and Phosphorus ICP 
Standard P CertiPUR (described in the reagents, kits and standards section). Calibration 
curves were prepared with eight points in triplicate. All standards and solutions used are 
described in (Table 8). 
Table 13: Analytical conditions used for the analysis of minerals in Qvevri wines by ICP-OES and 
AAS. 
Element Method Wavelenght (nm) Detection limit (mg L-1) 
P ICP-OES 178,2 0,5 
Ca ICP-OES 422,7 0,01 
Mg ICP-OES 279,0 0,03 
Mn ICP-OES 257,6 0,002 
Zn ICP-OES 213,9 0,005 
Fe ICP-OES 259,9 0,01 
Cu ICP-OES 324,7 0,005 
K AAS 766,5 0,01 
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 RESULTS III.
III.1 WILD YEAST CHARACTERISATION 
 Establising a PCR-RLFP method for yeast identification III.1.1
Yeast genomic DNA was amplified using primers ITS 4 and ITS 5 (first round) and the 
products were amplified with the nested primers ITS 1 and ITS 2. The size of both the 
digested and undigested PCR products are unique to particular yeast genera and also allow the 
differenciation of certain specied, resulting in the unambiguous identification of up to 28 
species (Table 14). There were only three cases in which we were unable to distinguish two 
different specied: (1) Hanseniaspora guillermondi and uvarum; (2) Saccharomyces bayanus 
and pastorianus; and (3) Dekkera bruxellensis or Cryptococcus flavis. The method was 
optimized using species obtained from the DSMZ. Even so, wild yeast species in wineries are 
often local subspecies that are subject to different environmental selection conditions and 
their sequences and PCR product sizes can differ slightly from purchased strains. Therefore, 
and in order to validate the method, we selected 4 isolated yeast and sequenced the first-round 
PCR products (NCBI accession numbers KC869927, KC869928, KC869929 and KC869930) 
to compared these empirical sequences to those in GenBank by using the empirical sequences 
as BLAST queries. 
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Table 14: Sizes of digested and undigested nested PCR products representing different yeast species 
derived using the T-RFLP method.  
  Size (bp) 
Yeast species Nested PCR  BstYI Digested 
Aureobasidium pullulans* 254 - 
Botryotinia fuckeliana* - 223 
Bulleromyces albus  195 164 
Candida glabrata 478 224 
Candida zemplinina 200 
 Candida zeylanoides 269 238 
Cryptococcus flavis 169 134 
Cryptococcus magnus 211 - 
Dekkera bruxellensis 168 134 
Epicoccum nigrum* 216 - 
Filobasidium floriforme 237 204 
Hanseniaspora guillermondi 364 66 
Hanseniaspora uvarum 365 66 
Hyphopichia burtonii 159 124 
Issatchenkia orientalis 178 148 
Kluyveromyces lactis 305 273 
Metschnikowia pulcherrima 140 107 
Metschnikowia spec. 348 - 
Pichia angusta 379 351 
Pichia anomala 258 228 
Pichia fermentans 156 122 
Pichia holstii - 248 
Pichia kluyveri 162 128 
Pichia membranifaciens 165 130 
Rhodotorula mucilaginosa 229 198 
Saccharomyces bayanus 435 405 
Saccharomyces cerevisiae 441 410 
Saccharomyces pastorianus 435 405 
Sporidiobulus pararoseus 222 197 
Torulaspora delbrueckii (wild yeast isolate) 370 340 
Williopsis saturnus 252 134 
Zygosaccharomyces florentinus 244 213 
* moulds 
   
 Natural flora in the vineyard and cellar environments III.1.2
Yeasts naturally present on the vineyard environment were isolated from grape surface and 
from the air around the grapes using culture-dependent methods. During 2008 and 2009, up to 
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11 different yeast species could be isolated from the vineyard air (Table 15), although 
Bulleromyces albus and Sporidiobolus pararoseus were the only species recovered in both 
years. We recovered seven yeast from the grape surface, and species appear to be dependent 
on the variety and the year of harvest (Table 15). Aerobasidium pullulans, Cryptococcus 
magnus, Rhodotorula mucilaginosa and Zygosaccharomyces florentinus were the only species 
isolated both from the air and the grape surface. Most of the yeast isolated from the vineyard 
air were also present in the grape juice at the beginning of fermentation. In the cellar 
environment, yeasts were isolated from the surface of clean and empty barrels (i.e. before 
filling the fermentation tanks with the grape must) and from the air inside the cellar room. In 
2008, four different species were isolated from the cellar air and three from the clean 
fermentation tank, whereas in 2009 only one species (R. mucilaginosa) was isolated from the 
clean fermentation tank (Table 15). All the species in the cellar environment were also found 
in the vineyard, and all species identified in the cellar environment were also later found in 
the fermenting must 
Table 15: Yeasts isolated from the winery environment during the 2008 and 2009 harvest seasons. 
Yeast species 
Air vineyard Air cellar Tank surface Grape surface* 
2008 2009 2008 2009 2008 2009 2008 2009 
Aerobasidium pullulans   +       Gu Gu 
Bulleromyces albus + +          
Candida zemplinina   +          
Cryptococcus magnus   +         Gu 
Filobasidium floriforme          Ch Ch, Pa, Gu 
Hanseniaspora uvarum   +    +     
Metschnikowia pulcherima +  +        
Pichia angusta             
Pichia anomala +     +    Co 
Pichia kluyveri +  +        
Rhodotorula mucilaginosa +  +    + Pn Pa, Gu 
Sporidiobulus pararoseus + +          
Williopsis saturnus            Pa 
Zygosaccharomyces florentinus +   +   +   Ch Co 
*: Varieties of grapes and musts: Pinot Noir (Pn); Cornalin (Co); Chardonnay (Ch); Petite Arvine (Pa); Gutedel 
(Gu) 
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III.2 WILD YEAST DYNAMICS DURING SPONTANEOUS FERMENTATION 
 Spontaneous fermentation in pilot steel tanks III.2.1
Changes in the composition of the yeast population during spontaneous fermentation in steel 
tanks were measured using culture-dependent methods. We investigated the musts of five 
grape varieties during the 2008 and 2009 harvest seasons: the red varieties Pinot Noir and 
Cornalin, which contained 12 and 9 different yeast species respectively, and the white 
varieties Gutedel, Chardonnay and Petite Arvine, which contained 12, 12 and 7 yeast species 
respectively (Table 16).  
Most of the yeast species we identified were present in more than one of the musts (Table 16). 
M. pulcherima, S. cerevisiae, S. bayanus and T. delbrueckii were found in all five musts at 
some point during fermentation. Six yeast species were only found in one type of must, and 
only at the beginning of fermentation. Four yeast species found in Gutedel musts did not grow 
in any of the other musts: Bulleromyces albus, Candida zeylanoides, Cryptococcus 
flavis/Dekkera bruxellensis (the latter could not be distinguished on the basis of their PCR-
RFLP patterns, as detailed in III.1) and Filobasidium floriforme. Similarly, Pichia burtonii 
and P. holstii only found in Cornalin musts (Table 16). There were no species associated 
exclusively with red or white grape varieties. 
The composition of the yeast populations also changed significantly during fermentation 
(Figure 4). Initially, 7–12 different species were found in the musts (depending on the variety) 
but this declined to 1–5 species by the mid-fermentation (Table 16), when nitrogen becomes 
limiting and the ethanol concentration begins to increase rapidly. By the end of fermentation, 
only six different yeast species could be recovered from the musts. The ethanol-resistant 
strain S. bayanus made up a substantial proportion of the yeasts in all musts (Figure 4) and 
was the only strain detected in Gutedel musts during the mid and late fermentation stages. In 
contrast, S. cerevisiae was found in the Chardonnay, Pinot Noir and Petite Arvine musts at the 
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end of fermentation, and M. pulcherima was present in the Chardonnay, Pinot Noir and 
Cornalin musts at the end of fermentation. The other species retrieved at the end of the 
fermentation were P. klyveri (Chardonnay and Cornalin musts), P. membranifaciens 
(Chardonnay must) and R. mucilaginosa (Pinot Noir must) (Figure 4). 
Table 16: Yeasts found during spontaneous fermentation in stainless steel tanks, during the 2008 and 
2009 harvest seasons. 
  Grape variety 
Yeast species Pinot Noir Cornalin Chardonnay Petit Arvine Gutedel  
Bulleromyces albus         a 
Candida zemplinina   a a; b a a 
Candida zeylanoides         a 
Candida crusei or Issatchenkia orientalis   a a     
Cryptococcus flavis or Dekkera bruxellensis         a 
Filobasidium floriforme         a 
Hanseniaspora uvarum  a; b a a     
Metschnikowia pulcherima a; b; c a; b; c a; b; c a a 
Pichia anomala a a a     
Pichia burtonii   a       
Pichia holstii   a       
Pichia kluyveri a a; c a   a 
Pichia membrefaciens     a; b; c a   
Rhodotorula mucilaginosa c   a a a 
Saccharomyces bayanus a; b; c a, b; c a; b; c a, b; c a, b; c 
Saccharomyces cerevisiae a; b; c a a; b; c a; c a 
Sporidiobulus pararoseus b a       
Torulaspora delbrueckii a a a a a 
Zygosaccharomyces florentinus     a    a 
a: detected detected at the beginning of the fermentation; b: detected during log phase; c: detected 
during stationary phase. 
The progress of fermentation was monitored by measuring sugar consumption and ethanol 
production (Figure 5), as well as acetic acid production (Table 17). The red varieties Pinot 
Noir and Cornalin reached dryness (less than 4 g L-1 of total sugar) 6–11 days after pressing 
(Figure 5). The lag phase of the Pinot Noir fermentations in 2008 (i.e. the period before 
glucose consumption increases rapidly) was relatively long compared to the Cornalin 
fermentations in the same year (2–3 days) (Figure 5). In contrast, the white grape varieties 
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failed to reach dryness in fermentations during 2008 and 2009, and the Petite Arvine and 
Chardonnay vessels contained high levels of residual sugar at the end of fermentation (Figure 
5). In 2008, the fermentation of Gutedel grapes was delayed at the mid-exponential phase 
(days 6–13) whereas Petite Arvine was characterized by sluggish fermentation from the late 
exponential phase (day 11) onwards (Figure 5). 
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Figure 4: Variation in the composition of the yeast population during spontaneous pilot steel tanks 
fermentation in the 2008 and 2009 harvest seasons for the different grape varieties studied. Duplicate 
spontaneous fermentations were performed in 110 L stainless steel tanks. Yeast were isolated in 
RCBA and identified with the T-RLPF method developed (see II.2.2).  
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Figure 5: Spontaneous fermentation profile, expressed in g L-1, during spontaneous pilot steel tanks 
fermentation in the 2008 and 2009 harvest seasons for the different grape varieties studied. a) Pinot 
Noir; b) Cornalin; c) Chardonnay; d) Petit Arvine; e) Gutedel. Fermentation parameters were 
measured in triplicate for each fermentation (duplicate). Glucose and ethanol were measured 
spectrophotometrically using enzymatic kits from R-Biopharm (see II.2.2.5). Each poin represent the 
mean. SD n=6. 
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Table 17: Acetic acid production in the pilot steel-tanks spontaneous fermentations. 
Variety Harvest season Acetic acid (mg L-1) 
Pinot Noir 2008 65.61 ± 2.5 
2009 154.69 ± 23.48 
Cornalin 2008 150.71 ± 18.62 
2009 145.0 ±7.07 
Chardonnay 2008 154.64 ± 91.43 
2009 379.15 ± 0 
Petit Arvine 2008 131.64 ± 76.88 
2009 280.0 ± 0 
Gutedel 2008 24.93 ± 0 
2009 94.0 ± 39.0 
 
 Spontaneous fermentation in Qvevris III.2.2
The dynamic behaviour of the yeast populations in Qvevri spontaneous fermentations was 
monitored by qPCR during the 2010 and 2011 harvest seasons. There was slight tendency 
towards higher yeast diversity in the variety Resi compared to Ermitage, with 10 and 8 
different yeasts respectively (Table 18). Most of the species were present in both varieties, 
and M. pulcherima, R. mucilagenosa, P. anomala, H. uvarum, S. cerevisiae and T. 
delbrueckii, were also found at every fermentation stage (Figure 6 and Figure 7). In contrast 
C. zemplinina and P. angusta were found only in the Resi variety, and although P. kluyveri 
was found in both varieties, it was present only at certain fermentation stages during the 2010 
harvest and was not detected in 2011(Table 18). 
R. mucilaginosa was the dominant specie in the 2011 Ermitage fermentations whereas P. 
anomala was the dominant species in the Resi fermentations in both harvest years. Up to eight 
yeast species were detected in the Ermitage fermentations during 2010 and 2011 (Table 18), 
and in both cases the dominant species in the must before fermentation were R. mucilaginosa 
and P. anomala although they were more abundant in 2011 (Figure 6). The less abundant 
species were H. uvarum, S. cerevisiae, T. delbrueckii and C. zemplinina, although all of them 
were present throughout the fermentation. These species were 10 times more abundant in 
2010 than in 2011, except R. mucilaginosa, which was more abundant in 2011. S. cerevisiae 
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was the most abundant species at the beginning of the 2010 fermentations and it proliferated 
rapidly, reaching its maximum concentration (1 x 106 cells mL-1) by day 6. In contrast, R. 
mucilaginosa was the most abundant species in the 2011 fermentations (1 x 106 cells mL-1) 
and S. cerevisiae proliferated more slowly, reaching its maximum concentration after 14 days. 
In 2010, the yeast population declined slowly during fermentation whereas in 2011 the P. 
anomala, S. cerevisiae and R. mucilaginosa populations remained high (Figure 6).  
The Resi fermentations during 2010 and 2011 began rapidly (before 5 days in both cases) 
with P. anomala dominating throughout fermentation and H. uvarum and T. delbrueckii 
present at lower levels (Figure 7). The concentration of yeast, including S. cerevisiae, was 
slightly higher in 2010 than 2011, although the onset of fermentation in 2011 was more rapid, 
beginning after 1 day (Figure 7). In 2010, the highest concentration of S. cerevisiae (1 x 106 
cells mL-1) was achieved 2 days after fermentation began, whereas in 2011 the concentration 
increased rapidly during the first day and remained high until the end of the fermentation (1 x 
106 cells mL-1). 
The progress of the Ermitage and Resi fermentations was monitored and compared. The onset 
of the Ermitage fermentation took longer in 2010 but was nevertheless complete after 14 days 
in both 2010 and 2011 (Figure 8). The Ermitage fermentations did not reach dryness by day 
14 in 2011, and the ethanol content was lower than in the 2010 fermentation, concomitant 
with the production of significant amounts of acetic acid (Table 19). No measurements were 
taken beyond day 14 because the Ermitage and Resi wines were blended at this stage. The 
Resi fermentations become more rapidly in 2011 than in 2010, beginning on the same day (or 
shortly after) the Qvevris were filled. However the fermentation process reached dryness in 
both years. The Ermitage must took longer to begin fermentation than Resi, starting 2 and 10 
days later in 2010 and 2011, respectively. 
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Table 18: Yeasts identified by qPCR during spontaneous fermentations in Qvevris during the 2010 and 
2011 harvest seasons. 
  Resi  Ermitage 
Yeast species 2010 2011 2010 2011 
Candida zemplinina a; b: c b     
Metschnikowia pulcherima a; b: c a; b: c a; b: c a; b: c 
Williopsis saturnus a; c a 
 
b; c 
Pichia kluyveri a 
 
b 
 Rhodotorula mucilaginosa a; b: c a; b: c a; b: c a; b: c 
Pichia angusta b c 
  Pichia anomala a; b: c a; b: c a; b: c a; b: c 
Hanseniaspora uvarum a; b: c a; b: c a; b: c a; b: c 
Saccharomyces cerevisiae a; b: c a; b: c a; b: c a; b: c 
Torulaspora delbrueckii a; b: c a; b: c a; b: c a; b: c 
a: detected detected at the beginning of the fermentation; b: detected during log phase; c: detected 
during stationary phase. 
 
Table 19: Acetic acid production in the Qvevri spontaneous fermentations 
Variety Harvest season Acetic acid (mg L-1) 
Resi  2010 180.0 ± 0 
2011 270.0 ± 10.0 
Ermitage 2010 160.0 ± 30.0 
2011 650 ± 20.0 
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Figure 6: Dynamic behaviour of wild yeast populations during the spontaneous fermentation of 
Ermitage in Qvevris, measured by qPCR. a) 2010 harvest; b) 2011 harvest. Fermentations were 
performed spontaneously in 1500 L Qvevri vessels without clarification (fermented with pomace). 
Samples were taken in triplicate. DNA of the samples was extracted directly from the must using the 
CTAB method, and qPCR was conducted in an ABI Prism 7700 sequence detection system, using 
specific primers for each of the species studied (see II.2.2.6 and II.2.2.7).  
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Figure 7: Dynamic behaviour of wild yeast populations during the spontaneous fermentation of Resi in 
Qvevris, measured by qPCR. a) Resi grapes harvest 2010; b) Resi grapes harvest 2011. Fermentations 
were performed spontaneously in 1500 L Qvevri vessels without clarification (fermented with 
pomace). Samples were taken in triplicate. DNA of the samples was extracted directly from the must 
using the CTAB method, and qPCR was conducted in an ABI Prism 7700 sequence detection system, 
using specific primers for each of the species studied (see II.2.2.6 and II.2.2.7).  
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Figure 8:Spontaneous fermentation profile, during spontaneous fermentation in Qvevris in the 2010 
and 2011 harvest season. a) Ermitage; b) Resi. Fermentation parameters were measured in triplicate 
for each fermentation. Glucose and ethanol were measured spectrophotometrically using enzymatic 
kits from R-Biopharm (see II.2.2.5). Each poin represent the mean.  
 
 
 Micro-fermentations in the laboratory at different temperatures  III.2.3
The effect of fermentation temperature on the dynamic of yeast was studied using the white 
variety Resi harvested in 2010 and 2011, and the red grapes variety Cabernet Franc harvested 
in 2010. Before starting the fermentations the initial population of the grapes was 
characterised in order to better understand their evolution (Table 20).  
Table 20: Initial yeast concentration and total sugars of the grapes used in the T° control experiments. 
  Grape variety/harvest 
 
Resi 2010 Resi 2011 Cabernet Franc 2010 
Initial yeast concentration (cell mL-1)       
C. zemplinina - - - 
Z. florentinus - - - 
M. pulcherima 6.7 x 104 5.5 x 103 1.8 x 102 
W. saturnus - - - 
P. klyveri - 1.4 x 103 - 
R. mucilaginosa 3.3 x 105 6.8 x 104 1.1 x 105 
P. anomala 7.9 x 103 4.0 x 103 - 
H. uvarum 1.4 x 102 1.8 x 102 - 
S. cerevisiae 1.6 x 102 1.3 x 102 7.6 x 101 
T. delbrückii - - - 
Initial total sugar (g L-1) 210.84 262.74 262.33 
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From the yeast analysed (II.2.2.7), the species which responded to the different temperature treatments 
were: S. cerevisiae, and the non-saccharomyces M. pulcherima, P. anomala, R. mucilaginosa and H. 
uvarum (only when fermenting Resi grapes from the 2010 harvest). The growth of S. cerevisiae was 
favoured at 24°C and 28°C in the fermentations performed with the three different grape varieties, 
establishing 100% of their population within the first 6 days in the three varieties analysed, while at 
18°C the establishment of the population was after 16 days for the varieties Resi (harvest 2010 and 
2011) and 18 days for Cabernet Franc (Figure 9).  
 
Figure 9: Effect of the temperature on the dynamic of S. cerevisiae during spontaneous micro-
fermentation. a) Fermentation with Resi grapes harvested during 2010; b) Fermentation with Resi 
grapes harvested during 2011; c) Fermentation with Cabernet Franc harvested in 2010. Duplicate 
fermentations were performed spontaneously in 500 mL flask without clarification (fermented with 
pomace) and incubated at 18°C, 24°C and 28°C in an orbital shaker. Samples were taken in triplicate. 
DNA of the samples was extracted directly from the must using the CTAB method, and qPCR was 
conducted in an ABI Prism 7700 sequence detection system, using specific primers for S. cerevisiae 
(see II.2.2.6 and II.2.2.7). Each point represent the mean.  
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The relationships among temperature fermentation and the non-Saccharomyces yeast 
predominance was studied with PCA. With respect to the non-saccharomyces species some 
were favoured at 24°C and 28°C, while others were favoured at 18°C. In the three grapes 
varieties analysed the growth of M. pulcherima was favoured at 24°C. The growth of P. 
anomala was favoured at 18°C in the fermentation of Resi grapes from harvest 2010 (Figure 
10), while favoured at 28°C in the fermentation of Resi grapes harvested in 2011 (Figure 11) 
and Cabernet Franc harvested in 2010 (Figure 12). The growth of R. mucilaginosa was 
favoured at 18°C when fermenting the grapes Resi harvest 2011 and C. Franc 2010. R. 
mucilaginosa was only favoured at 18°C when fermenting the grapes Cabernet Franc harvest 
2010. 
 
Figure 10: Principal component analysis (PCA) biplot showing the differences in the yeast species 
predominating the fermentations at different temperatures when fermenting spontaneously Resi grapes 
harvested in 2010. The two first principal components, which explain 99.8% of the total variance, are 
represented. Principal component 1 is responsible for 77.39% of the total variability of the data and 
principal component 2 is responsible of 22.42% of the variability.  
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Figure 11: Principal component analysis (PCA) biplot showing the differences in the yeast species 
predominating the fermentations at different temperatures when fermenting spontaneously Resi grapes 
harvested in 2011. The two first principal components, which explain 88.02% of the total variance, are 
represented. Principal component 1 is responsible for 59.39% of the total variability of the data and 
principal component 2 is responsible of 28.63% of the variability.  
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Figure 12: Principal component analysis (PCA) biplot showing the differences in the yeast species 
predominating the fermentations at different temperatures when fermenting spontaneously Cabernet 
Franc grapes harvested in 2010. The two first principal components, which explain 72.57% of the total 
variance, are represented. Principal component 1 is responsible for 38.29% of the total variability of 
the data and principal component 2 is responsible of 34.28% of the variability. 
 
The glucose/fructose consumption and ethanol formation of the fermentations was monitored 
and compared (Figure 13, Figure 14 and Figure 15). The fermentation profile of Resi 2010 at 
24°C and 28°C were similar in regards to time. Both presented a lag phase of three days and 
reached a maximum level of ethanol after seven days, which is consistent with the growth of 
S. cerevisiae. However fermentation at 24°C produced less ethanol than fermentation at 28°C 
(Figure 13); and did not reach dryness as the level of residual sugar at the end of fermentation 
was 3.8 g L-1 at the end of the fermentation. The fermentation profile at 18°C showed a lag 
phase of seven days, reaching dryness after 17 days. The maximum ethanol level reached was 
similar to that obtained at 28°C (Figure 13). 
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Figure 13: Effect of temperature on the fermentation profile during spontaneous micro-fermentation of 
Resi 2010. Fermentation parameters were measured in triplicate for each fermentation (duplicate). 
Glucose and ethanol were measured spectrophotometrically using enzymatic kits from R-Biopharm 
(see II.2.2.5). Each point represent the mean.  
 
The Resi 2011 fermentation progression was similar to that of Resi grapes 2010 (Figure 14). 
However in this case the fermentation at 28°C reached dryness. The ethanol content was 
higher compared to Resi 2010, reaching 128.8 and 107.8 g L-1 when fermented at 18, 24 and 
28°C, respectively. 
The fermentation profiles of the Cabernet Franc harvest 2010 at 24°C and 28°C were similar 
in regards to time. Both presented a lag phase of three days and reached a maximum level of 
ethanol after ten days. However fermentation at 24°C produced less ethanol than fermentation 
at 28°C (Figure 15). The fermentation profile at 18°C showed a lag phase of four days that 
reached the state of dryness after 17 days. The maximum ethanol level reached was similar to 
that obtained at 28°C (Figure 15). 
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Figure 14: Effect of temperature on the fermentation profile during spontaneous fermentation of Resi 
2011. Fermentation parameters were measured in triplicate for each fermentation (duplicate). Glucose 
and ethanol were measured spectrophotometrically using enzymatic kits from R-Biopharm (see 
II.2.2.5). Each point represent the mean.  
 
 
Figure 15: Effect of temperature on the fermentation profile during spontaneous fermentation of 
Cabernet Franc 2010. Fermentation parameters were measured in triplicate for each fermentation 
(duplicate). Glucose and ethanol were measured spectrophotometrically using enzymatic kits from R-
Biopharm (see II.2.2.5). Each point represent the mean.  
 
 
 
 
 
0
20
40
60
80
100
120
140
0 5 10 15 20 25
Co
nc
en
tr
at
io
n 
(g
 L
-1
) 
Time (days) 
Residual sugar 18°C
Residual sugar 24°C
Residual sugar 28°C
EtOH 18°C
EtOH 24°C
EtOH 28°C
0
20
40
60
80
100
120
140
160
180
0 5 10 15 20 25
Co
nc
en
tr
at
io
n 
(g
 L
-1
) 
Time (days) 
Residual sugar 18°C
Residual sugar 24°C
Residual sugar 28°C
EtOH 18
EtOH 24°C
EtOH 28°C
57 
III.3 IMPACT OF WILD YEAST ON AROMA 
The results of the compounds that could be determined by the developed method are 
summarised and presented with their retention time and odour description according to 
literature in Table 21. A total of 24 volatile compounds consistent in aldehydes, alcohols and 
esters were detectable. The developed method is suitable for the detection of the main 
odorants, present in high amounts in wine. A typical wine chromatogram with the developed 
method is presented in Figure 16.  
Table 21: Volatile compounds detected in the wine samples by the HS-GC/MS method developed. 
Rt 
[min]  Compound Odour description References 
ALDEHYDES 
7,1 acetaldehyde pungent, ether, oxidized 
Obenland et al., 
2012; Lambrechts 
and Pretorius, 2000 
13,8 2-methylpropanal (isobutanal) floral  Arora et al., 1995 
18,3 3-methylbutanal (isovaleric aldehyde) fruity, almond-like Carrapiso et al. 2002 
18,7 2-methylbutanal slightly caramel, nutty Arora et al., 1995 
26,2 hexanal gras, tallow, fat Jiang and Zhang, 2010 
ALCOHOLS 
7,4 methanol alcohol 
Christoph and 
Bauer-Christoph, 
2007 
14,3 1-propanol alcohol, pungent Jiang and Zhang, 2010 
17,5 2-methyl-1-propanol (isobutanol) wine, solvent, bitter Francis and Newton, 2005 
23,2 3-methyl-1-butanol (isoamyl alcohol) whiskey, malt, burnt Francis and Newton, 2005 
23,4 2-methyl-1-butanol malt Kondo et al., 2005 
29,5 1-hexanol  resin, flower, green (cut grass) 
Francis and Newton, 
2005 
ESTERS 
11 formic acid ethyl ester (ethyl formate) fruity   
11,8 acetic acid methyl ester  (methyl acetate) fruity Obenland et al., 2012 
15,7 ethyl acetate pineapple, solvent like Francis and Newton, 2005 
20,4 propanoic acid ethyl ester  (ethylpropionat) juicy fruit Vilanova et al., 2010 
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Rt 
[min] Compound Odor description References 
22 propanoic acid 2-methyl ethyl ester (ethyl isobutyrate) sweet, rubber  
Francis and Newton, 
2005 
24 acetic acid, 2-methylpropyl ester (isobutyl acetate) fruit, apple, banana www.flavornet.org 
25,3 butanoic acid ethyl ester (ethyl butyrate) apple Francis and Newton, 2005 
28,9 1-butanol 3-methyl acetate (isoamyl acetate) banana 
Francis and Newton, 
2005 
29 1-butanol 2-methyl acetate fruity Francis and Newton, 2005 
33,2 hexanoic acid ethyl ester (ethyl hexanoate) apple peel, fruit,  pineapple 
Francis and Newton, 
2005; Jackson, 2008 
33,8 acetic acid, hexyl ester (hexyl acetate) fruit, herb Francis and Newton, 2005 
38,7 octanoic acid ethyl ester (ethyl octanoate) fruit, fat 
Francis and Newton, 
2005; Vilanova et 
al., 2010 
43,4 decanoic acid ethyl ester (ethyl decanoate) grape 
Francis and Newton, 
2005; Vilanova et 
al., 2010 
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Figure 16: Sample wine chromatogram profile obtained by HS/GC-MS with a RTX-624 capillary column (see II.2.3.4). (1) acetaldehyde; (2) methanol; (3) 
formic acid ethyl ester; (4) acetic acid ethyl ester; (5) 2-methyl propal; (6)1-propanol; (7) ethyl acetate; (8) 2-methyl-1-propanol; (9) 3-methyl butanal; (10) 2-
methyl butanal; (11) propanoic acid ethyl ester; (12) propanoic acid 2- methyl ester; (13) 3-methyl-1-butanol; (14) 2-methyl-1-butanol; (15) acetic acid, 2-
methyl propyl ester; (16) butanoic acid ethyl ester; (17) 1-butanol-3-methyl acetate; (18) 1-butanol-2-methyl acetate; (19) 1-hexanol; (20) hexanoic acid ethyl 
ester; (21) octanoic acid ethyl ester.  
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 Aroma profile during spontaneous fermentation in Qvevris  III.3.1
Qvevri spontaneous fermentations samples were analysed once fermentation was completed. 
The analyses were conducted using the HS-GC/MS-method described in chapter II.2.3.4.  
In the fermentation of both varieties studied the main aromatic compounds produced during 
the fermentations were ethyl acetate and 3-methyl-1-butanol. Differences in ethyl acetate 
production (a possible off-flavour) were found, especially for the fermentation of Ermitage 
during harvest 2011 (Figure 18).  
In a comparison of the main aromas produced during fermentation higher amounts of 3-
methyl-1 butanol, 2-methyl-1-butanol, hexanoic acid and octanoic acid were found in the 
wines produced during harvest 2011 than 2010 (Figure 17 and Figure 18). Production of 
esters was higher during the harvest of 2011  for the variety Resi.  
 
Figure 17: Comparison of the volatiles produced during the fermentation of Resi 2010-2011 in 
Qvevris. Samples were analysed with HS-GC/MS (see II.2.3.4). Results indicate the average and error 
bars represent SD. n: 3. 
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Figure 18: Comparison of the volatiles produced during the fermentation of Ermitage 2010-2011 in 
Qvevris. Samples were analysed with HS-GC/MS (see II.2.3.4). Results indicate the average and error 
bars represent SD. n: 3. 
 
 Aroma profile of fermentation cultures inoculated with wild yeast  III.3.2
Fermentation performance 
The fermentations inoculated with Saccharomyces species (cereviciae and bayanus) were 
completed in 96 hours, while the fermentation samples inoculated with non-Saccharomyces 
yeasts lasted more than 546 hours (Table 21). In the case of P. burtonii dryness was not 
reached at all during the test period. The ethanol yield was also higher when the inoculation 
was performed with a Saccharomyces species (Table 21).   
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Table 22: Fermentation performance of wild yeasts in flask fermentations of grape must. 
  
  
 
Strains 
Time to 
dryness 
(hr)  
Final 
ethanol 
g L-1 
Final 
sugar 
g L-1 
Glucose 
g L-1 
Fructose 
g L-1 
  Saccharomyces cerevisiae  96 72.68 0.00 0.00 0.00 
 
Saccharomyces bayanus 96 73.54 0.00 0.00 0.00 
 
Metschnikowia pulcherima 358 60.53 0.00 0.00 0.00 
 
Hanseniaspora uvarum 472 60.64 0.00 0.00 0.00 
 
Pichia anomala 472 55.58 0.00 0.00 0.00 
 Pichia burtonii > 546 41.06 5.76 1.29 4.47 
Mixtures Strains           
MF 1 
Hanseniaspora uvarum < 96 74.35 0.02 0.02 0.00 
Metschnikowia pulcherima 
     Saccharomyces bayanus  
     Saccharomyces cerevisiae      
MF 2 
 
Pichia burtonii < 96 69.97 0.02 0.02 0.00 
Pichia anomala 
     Saccharomyces bayanus  
     Saccharomyces cerevisiae           
MF 3 
 
Pichia burtonii < 96 74.23 0.04 0.04 0.00 
Pichia anomala 
     Metschnikowia pulcherima 
     Hanseniaspora  uvarum 
     Saccharomyces bayanus  
     Saccharomyces cerevisiae 
     MF= micro-fermentation 
Aroma impact 
In flask fermentations inoculated with individual strains, the final amount of each volatile 
compound was highly variable and dependant on the strain. Potential off-flavours or ‘spoiled’ 
taste can occur when high concentrations of acetaldehyde, ethyl acetate, hexanal and 1- 
propanol are produced. From these compounds, ethyl acetate was found to be significantly 
higher in the fermentations inoculated with non-saccharomyces yeast, especially in the P. 
anomala inoculated fermentation (Figure 19). The yeasts P. burtonii, H. uvarum and M. 
pulcherima produced intermediate amounts of these compounds, while the two 
Saccharomyces species, cerevisiae and bayanus, produced lower amounts.  
63 
The interaction between culture types on the production of higher alcohols (1-propanol; 1-
propanol-2-methyl; 1-butanol-3-methyl and 1-butanol-2-methyl) and esters (fruity-like 
aromas) were evaluated with principal component analysis (PCA). On higher alcohols, PCA 
showed that the first two principal components accounted for 89.25% of the variance. 
Principal component 1 (PC1) was associated with the production of 2-methyl-1-propanol and 
3-methyl-1-propanol (57.30%) while PC2 with 1-propanol (31.95%) (Figure 20). The non-
Saccharomyces species were responsible for pre-eminent production of higher alcohols. 
Especially high levels of 1-propanol were obtained in pure cultures of H. uvarum, showing 
positive scores for PC2. While single cultures of M. pulcherima produced high amount of 3-
methyl-1-propanol and 2-methyl -1-propanol. On esters formation, PCA showed that the first 
two principal components accounted for 99.8% of the variance. PC1 was associated to the 
production of 1-butanol-3-methyl acetate (60.99%) and PC 2 associated to 1-butanol-2-methyl 
acetate (38.81%) (Figure 21). The highest levels were produced in the P. burtonii inoculated 
fermentations. The contribution of important fruity aromas like: hexanoic acid ethyl ester, 
octanoic acid ethyl ester and decanoic acid ethyl ester was reduced in the non-Saccharomyces 
fermentation in comparison with the Saccharomyces fermentations (Figure 21). 
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Figure 19: Ethyl acetate and acetaldehyde formation in micro-fermentations inoculated with single 
yeast species. Samples were analysed with HS-GC/MS (see II.2.3.4). Results indicate the average and 
error bars represent SD. n: 6. Different letters indicate significant differences between the treatments, 
determined using a a one-way ANOVA with a post hoc Holm–Sidak test.  
Figure 20: Principal component analysis (PCA) biplot showing the differences in the production of 
higher alcohols by Saccharomyces and non-Saccharomyces inoculated fermentations. The two first 
principal components, which explain 89.25% of the total variance, are represented. Principal 
component 1 is responsible for 57.30% of the total variability of the data and principal component 2 is 
responsible of 31.95% of the variability.  
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Figure 21: Principal component analysis (PCA) biplot showing the differences in the production of 
esters by Saccharomyces and non-Saccharomyces inoculated fermentations. The two first principal 
components, which explain 99.8% of the total variance, are represented. Principal component 1 is 
responsible for 69.99% of the total variability of the data and principal component 2 is responsible of 
38.31% of the variability. 
 
The results of the flask fermentation performed in 2011 (second set of experiments), showed 
high levels of ethyl acetate when using M. pulcherima as starter culture, as well as when 
spontaneous fermentation was performed (Figure 22). The fruity aromas given by butanoic 
acid, hexanoic acid, octanoic acid, and decanoic acid were observed in lower concentrations 
when spontaneous fermentation was undertaken (Figure 23). No significant differences were 
found between the wild S. cerevisiae and the commercial strain used in the inoculations.  
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Figure 22: Ethyl acetate produced in micro-fermentation inoculated with single yeasts, performed 
during 2011. Samples were analysed with HS-GC/MS (see II.2.3.4). Results indicate the average and 
error bars represent SD. n: 6. Different letters indicate significant differences between the treatments, 
determined using a a one-way ANOVA with a post hoc Holm–Sidak test. 
 
 
Figure 23: Fruity aromas produced in micro-fermentation inoculated with single yeasts, performed 
during 2011. Samples were analysed with HS-GC/MS (see II.2.3.4). Results indicate the average and 
error bars represent SD. n: 6. Different letters indicate significant differences between the treatments, 
determined using a a one-way ANOVA with a post hoc Holm–Sidak test. 
 
0,0E+00
5,0E+08
1,0E+09
1,5E+09
2,0E+09
2,5E+09
Spontaneous S. cerevisiae
(wild isolate)
S. bayanus (wild
isolate)
 M. pulcherima
(wild isolate)
S. cerevisiae
(commercial
strain)
A
bu
nd
an
ce
, p
ea
l a
re
a 
a 
a 
b 
b 
b 
0,0E+00
2,0E+08
4,0E+08
6,0E+08
8,0E+08
1,0E+09
1,2E+09
butanoic acid ethyl
ester
hexanoic acid ethyl
ester
octanoic acid ethyl
ester
decanoic acid ethyl
ester
A
bu
nd
an
ce
, p
ea
k 
ar
ea
 
Spontaneous S. cerevisiae (wild isolate)
S. bayanus (wild isolate)  M. pulcherima (wild isolate)
S. cerevisiae (commercial strain)
a a a a a 
b 
b 
a 
a 
a 
a 
b 
d bd 
c 
a 
b 
ab 
a a 
67 
In general, the differences between the results of volatile production from flask fermentations 
inoculated with mixed yeast strains were not significant (Figure 24). The amount of ethyl 
acetate produced by all yeast mixtures was similar to the values obtained for individual 
fermentations with Saccharomyces species and much lower (one order of magnitude) than the 
values produced by the non-Saccharomyces yeasts that fermented individually (Figure 25). 
Furthermore, acetaldehyde was restricted to values around 2.0x107 of the peak area in the 
mixed yeast fermentations differing from the wide range (7.0x106 to 8.5x107) observed in 
fermentations with individual yeast.  
 
Figure 24: Aromatic produced in micro-fermentation inoculated with mixed-yeasts, performed during 
2011. Samples were analysed with HS-GC/MS (see II.2.3.4). Results indicate the average and error 
bars represent SD. n: 6. MF1: Hanseniaspora uvarum + Metschnikowia pulcherima + Saccharomyces 
bayanus + Saccharomyces cerevisiae; MF2: Pichia burtonii + Pichia anomala + Saccharomyces 
bayanus + Saccharomyces cerevisiae; MF3: Pichia burtonii, Pichia anomala, Metschnikowia 
pulcherima, Hanseniaspora uvarum, Saccharomyces bayanus, Saccharomyces cerevisiae.  
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Figure 25: Ethyl acetate produced in micro-fermentations inoculated with mixed or single yeast 
species. Samples were analysed with HS-GC/MS (see II.2.3.4). MF1: Hanseniaspora uvarum + 
Metschnikowia pulcherima + Saccharomyces bayanus + Saccharomyces cerevisiae; MF2: Pichia 
burtonii + Pichia anomala + Saccharomyces bayanus + Saccharomyces cerevisiae; MF3: Pichia 
burtonii, Pichia anomala, Metschnikowia pulcherima, Hanseniaspora uvarum, Saccharomyces 
bayanus, Saccharomyces cerevisiae. Results indicate the average error bars represent SD. n: 6. 
Different letters indicate significant differences between the treatments, determined using a a one-way 
ANOVA with a post hoc Holm–Sidak test. 
 
 Aroma profile of micro-fermentations at different temperatures III.3.3
Volatile composition, produced by spontaneous fermentations performed at different 
temperatures when the fermentations was completed.  
In spontaneous flask fermentations performed at different temperatures significant differences 
were observed in the formation of ethyl acetate. High amounts of ethyl acetate were produced 
when the fermentation was performed at 18°C, while no significant differences were found at 
both 24°C and 28°C. In relation to the control inoculated with commercial yeast (which 
should produce normal amounts of ethyl acetate), no significant differences were found when 
samples were fermented at 28°C. This trend was observed for Resi 2010, Resi 2011 and 
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Cabernet Franc 2010 (Figure 26). The formation of acetaldehyde, also a potential off-flavour, 
was not significantly different between treatments (Figure 26).  
The formation of higher alcohols (1-propanol; 1-propanol, 2-methyl; 1-butanol, 3-methyl; and 
1-butanol, 2-methyl) was not significantly different between temperature treatments (except in 
the case of 1-propanol) (Figure 27). The amount of 1-butanol, 3-methyl and 1-butanol, 2-
methyl was much higher in the control fermentations (Figure 27). 
The presence of some esters (1-butanol-3-methyl acetate, hexanoic acid and octanoic acid) 
was favoured finding significant differences in the fermentations performed at 24°C and 
28°C. The production of these compounds highly differ between the varieties studied (Resi 
2010, Resi 2011 and Cabernet Franc 2010); therefore the results are presented separately in 
Figure 28. 
 
Figure 26: Formation of acetaldehyde and ethyl acetate in spontaneous micro-fermentations performed 
at different temperatures. Samples were analysed with HS-GC/MS (see II.2.3.4). Fermentations were 
performed at 18°C, 24°C and 28°C, using a S. cerevisiae-inoculated fermentation as control. Results 
indicate the average and error bars represent SD. n: 6. Different letters indicate significant differences 
between the treatments, determined using a a one-way ANOVA with a post hoc Holm–Sidak test. 
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Figure 27: Formation of higher alcohols in spontaneous micro-fermentation performed at different 
temperatures. Samples were analysed with HS-GC/MS (see II.2.3.4). Fermentations were performed at 
18°C, 24°C and 28°C, using a S. cerevisiae-inoculated fermentation as control. Results indicate the 
average and error bars represent SD. n: 6. Different letters indicate significant differences between the 
treatments, determined using a a one-way ANOVA with a post hoc Holm–Sidak test. 
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Figure 28: Formation of fruity-aromas in spontaneous micro-fermentations performed at different 
temperatures. Samples were analysed with HS-GC/MS (see II.2.3.4). a) Resi 2010; b) Resi 2011; c) C. 
Franc 2010. Fermentations were performed at 18°C, 24°C and 28°C, using a S. cerevisiae-inoculated 
fermentation as control. Results indicate the average and error bars represent SD. n: 6. Different letters 
indicate significant differences between the treatments, determined using a a one-way ANOVA with a 
post hoc Holm–Sidak test. 
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III.4 CHARACTERISATION OF SELECTED CHEMICAL FEATURES IN QVEVRI 
WINES 
 General wine parameters III.4.1
The general wine parameters for all 20 samples are summarised in Table 23. Compared with 
previously published data for conventional wines, both red and white wine samples had a 
higher pH, higher levels of acetic acid, lower levels of titratable acidity and lower levels of 
tartaric acid (Table 24).  
The mean pH was 3.81 for the white wines and 3.78 for the red wines, falling within the upper 
range of values reported in the literature for commercial table wines (Table 24). The average 
levels of acetic acid were 0.8 g L-1 for white wines and 0.65 g L-1 for red wines, although two 
varieties showed particularly low levels of acetic acid: Resi/Ermitage 2010 (0.33 g L-1) and 
Rkatsiteli 2008 (0.28 g L-1), the latter fermented without pomace. Some of the values 
observed are close to the upper limit of reported values for regular table wines (Table 24). The 
lactic acid content of Qvevri wines fell within the normal range for conventional wines, 
whereas the levels of malic acid were generally lower than normal (Table 24). Finally, the 
values of tartaric acid were lower than those reported for common table wines (Table 24).  
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Table 23: General chemical characteristics of Qvevri wines. 
      pH Residual sugar Titratable acidity Acetic acid Malic Acid Lactic acid Tartaric acid 
Grape variety Harvest Country Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
White wines                                 
Malverina 2008 Czech Rep 3.82 0.03 0.09 0.00 5.05 0.09 0.68 0.08 0.069 0.014 1.72 0.16 1.36 0.01 
Resi/Ermitage 2010 Switzerland 4.14 0.05 0.02 0.00 4.25 0.09 0.33 0.06 0.090 0.013 1.88 0.10 0.64 0.02 
Resi/Ermitage 2009 Switzerland 4.01 0.02 0.03 0.01 5.35 0.23 1.02 0.04 0.041 0.007 2.06 0.14 0.87 0.03 
Terralba 2006 Italy 3.88 0.01 0.01 0.00 8.00 0.17 1.95 0.04 0.027 0.007 2.87 0.16 n.d. n.d. 
Terralba 2007 Italy 4.05 0.02 0.05 0.00 5.15 0.09 0.70 0.01 0.146 0.009 2.02 0.14 0.88 0.08 
Graf Morilon 2005 Austria 3.72 0.03 n.d. n.d. 5.25 0.15 0.87 0.02 0.044 0.010 2.55 0.11 1.20 0.03 
Graf Morilon 2007 Austria 4.28 0.07 n.d. n.d. 5.20 0.09 1.39 0.01 0.022 0.003 2.29 0.19 n.d. n.d. 
Fontanasanta 2009 Italy 3.77 0.04 0.18 0.01 4.90 0.17 0.81 0.01 0.032 0.003 1.34 0.13 1.57 1.57 
- 2009 Austria 3.74 0.01 n.d. n.d. 5.35 0.09 0.74 0.15 0.022 0.005 2.17 0.12 1.14 0.02 
Rkatsiteli 2008 Georgia 3.76 0.01 0.14 0.01 4.80 0.00 0.59 0.01 0.454 0.013 0.63 0.10 1.83 0.02 
Rkatsiteli 2009 Georgia 3.88 0.01 0.06 0.01 5.50 0.09 0.69 0.01 0.915 0.074 0.36 0.08 1.20 0.05 
Rkatsiteli 2008 Georgia 3.69 0.02 0.03 0.00 6.00 0.15 0.28 0.02 0.943 0.052 n.d. 0.00 2.55 0.08 
Rkatsiteli 2009 Georgia 3.71 0.01 0.02 0.01 4.75 0.09 0.69 0.01 0.046 0.011 0.58 0.04 1.38 0.07 
Riesling 2005 Germany 3.59 0.02 0.01 0.00 5.20 0.09 0.61 0.03 n.d. n.d. 2.16 0.08 1.54 0.05 
Vitovska 2006 Italy 4.03 0.02 0.02 0.00 5.40 0.15 0.61 0.00 n.d. n.d. 1.74 0.06 1.18 0.01 
Range  
 
3.59-4.28 0.01-0.14 4.25-8.0 0.28-1.95 0.022-0.943 0.36-2.87 0.64-2.55 
Red wines 
                Cabernet Franc 2010 Switzerland 4.14 0.02 0.06 0.01 4.10 0.09 0.49 0.08 0.129 0.031 2.21 0.11 0.65 0.05 
Saperavi 2008 Georgia 3.86 0.01 0.01 0.00 6.80 0.09 0.78 0.04 0.150 0.010 2.46 0.11 1.29 0.20 
Saperavi 2007 Georgia 3.85 0.01 0.58 0.03 5.40 0.00 0.69 0.01 0.112 0.005 1.17 0.06 0.53 0.21 
Saperavi 2008 Georgia 3.76 0.01 0.17 0.11 4.70 0.09 0.63 0.03 0.109 0.005 0.90 0.09 1.80 0.16 
Nero d'Avola 2008 Italy 3.93 0.03 0.02 0.00 5.00 0.09 0.68 0.02 n.d. n.d. 1.74 0.05 1.38 0.01 
Range     3.76-4.14 0.01-0.58 4.10-6.80 0.49-0.78 0.01-0.150 0.90-2.46 0.53-1.180 
values expressed in g L-1 
n.d.: non d detectable 
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Table 24: Comparison of the average values obtained for the general wine parameters analysed with 
reported values 
  White wines Red wines     
Parameter Observed Values 
Reported 
values 
Observed 
Values 
Reported 
values 
Reported 
values References 
pH 3.59- 4.28 3.0-3.4 3.76- 4.14 3.4-3.6 3.0 – 3.6 Jackson 1994; Ribereau-Gayon et al. 2006 
Acetic acid 0.28-1.95  0.1-0.5  0.49-0.78 0.3-1.0  0.1-1.0  
Jackson 1994; Vilanova 
et al. 2009; Peres et al. 
2009; Mato et al. 2007; 
Lambrechts & Pretorius 
2000 
Titratatable 
acidity 4.25- 8.0 5.0-10.1 4.1- 6.8 5.4-7.9 5.0-10.1 
Ribereau-Gayon et al. 
2006; Vilanova et al. 
2009 
Tartaric acid         0- 2.55 2.3-3.5 0.53- 1.8 3.0-4.8 2.3- 4.8  
Ribereau-Gayon et al. 
2006; Vilanova et al. 
2009; Peres et al. 
2009;Mato et al. 2007 
Malic Acid            0- 0.91 0.1-5.4 0- 0.150 0.3-2.6 0.1- 2.6  
Ribereau-Gayon et al. 
2006; Vilanova et al. 
2009; Mato et al. 2007; 
Peres et al. 2009; 
Volschenk & Vuuren 
2006 
Lactic acid               0- 2.87 0.061- 3.933  0.90- 2.46 0.06- 3.93 0.06- 3.93 
Ribereau-Gayon et al. 
2006; Peres et al. 2009; 
Mato et al. 2007 
* all values expressed in g L-1 
      
 Phenolic content and total antioxidant status III.4.2
The total phenolic content and antioxidant status of all 20 samples are summarized in (Table 
25). The total phenolic content was higher in the Qvevri white wines than conventional white 
wines (Table 26), whereas the phenolic contentof the Qvevri red wines was generally within 
the normal range for traditional red table wines (Table 26). The TAS of Qvevri wines (white 
and red) was higher than generally found in conventional wines but the differences were not 
as evident as the differences in total phenolic content (Table 26). Anthocyanin levels where 
higher in the Qvevri red wines than in conventional table wines (Table 26).   
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Table 25: Concentration of total phenols, TAS, tannins and anthocyanins in Qvevri wines 
      Total phenolsa TASb Anthocyaninsa 
Grapes variety Vintage Country Mean SD Mean SD Mean SD 
White wines                 
Malverina 2008 Czech Rep 0.51 0.02 5.87 1.30 
  Resi/Ermitage 2010 Switzerland 0.74 0.00 10.75 0.89 
  Resi/Ermitage 2009 Switzerland 1.02 0.02 11.47 0.53 
  Terralba 2006 Italy 0.56 0.02 6.95 0.08 
  Terralba 2007 Italy 0.56 0.02 8.57 0.93 
  Graf Morilon 2005 Austria 0.75 0.03 10.39 1.08 
  Graf Morilon 2007 Austria 1.34 0.06 12.94 1.82 
  Fontanasanta 2009 Italy 0.33 0.02 4.33 0.29 
  not described 2009 Austria 0.72 0.02 9.71 0.89 
  Rkatsiteli 2008 Georgia 0.25 0.02 12.04 0.97 
  Rkatsiteli 2009 Georgia 1.14 0.66 11.95 0.93 
  Rkatsiteli 2009 Georgia 0.41 0.01 3.58 0.33   
Rkatsiteli 2009 Georgia 1.68 0.03 12.86 0.62   
Riesling 2005 Germany 0.18 0.03 7.59 0.13   
Vitovska 2006 Italy 0.76 0.11 18.15 0.37 
  Range   
0.25–1.68 3.58–18.15 
  Red wines 
        Cabernet Franc 2010 Switzerland 1.78 0.08 12.31 1.27 1376.7 99.3 
Saperavi 2008 Georgia 3.59 0.10 11.64 0.15 717.3 40.3 
Saperavi 2007 Georgia 2.59 0.09 11.99 0.47 1271.4 176.6 
Saperavi 2008 Georgia 2.49 1.46 12.49 1.21 1147.1 142.4 
Nero d'Avola 2008 Italy 0.54 0.01 17.71 1.17 1264.9 16.7 
Range     0.54–3.59 11.64–17.71 717.3-1376.7 
a Values in g L-1 
        b Values in nmol L-1 
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Table 26: Comparison of the average values obtained for the phenolics analysed with reported values. 
  White wines Red wines   
Parameter Observed Values Reported values Observed Values Reported values References 
Total phenols (g L-1) 0.18- 1.68 0.09-0.306  0.54- 3.59 1.25-1.85 
Stratil et al. 
2005; Sánchez-
Moreno et al. 
2003 
TAA (nmol L-1) 3.58- 18.15 4.3-8.4 11.64- 17.71 13.9-34.7 Stratil et al. 2005 
Tannins  (mg L-1) 0.76- 756.95 - 132.79- 1825.3 30- 1895 Harbertson et al. 2008 
Anthocyanins (mg 
L-1) 0- 9.15 - 3.24- 1377 22- 274 
Sánchez-Moreno 
et al. 2003 
 
 Mineral content III.4.3
The mineral content of the analysed samples are summarized in Table 27. All values, except 
from P and Cu (in red wines) were within the ranges reported for conventional wines (Table 
28). As expected, K was the most abundant mineral and zinc the least abundant (Iland and 
Coombe 1988, Laurie et al. 2010). Copper levels were lower than those reported for 
conventional table wines.  
 
77 
Table 27: Concentration of Ca, Mg, Mn, Zn, P, K, Cu and Fe in Qvevri wines (mg L-1). 
   Calcium Magnesium Manganese Zinc Phosphorus Potassium Copper Iron 
Grape variety Harvest Country mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD 
White wines                                
Malverina 2008 Czech Rep. 49.8 0.35 107.9 0.8 0.78 0.008 0.78 0.005 128.3 3.1 240.6 0.9 0.045 0.001 0.314 0.001 
Resi/Ermitage 2010 Switzerland 54.2 0.66 72.7 0.1 0.53 0.002 0.56 0.008 117.5 0.5 402.9 1.0 0.034 0.001 0.205 0.002 
Resi/Ermitage 2009 Switzerland 69.1 0.45 87.0 0.5 0.45 0.002 0.96 0.006 170.6 1.0 466.4 2.1 0.486 0.004 0.521 0.005 
Terralba 2006 Italy 75.4 0.49 84.7 0.4 1.2 0.004 0.37 0.004 260.3 4.9 494.0 0.6 0.025 0.001 1.487 0.013 
Terralba 2007 Italy 88.6 0.47 98.9 0.2 1.33 0.005 0.6 0.005 278.7 0.6 536.5 0.9 0.073 0.001 0.073 0.002 
Graf Morilon 2005 Austria 76.1 0.21 62.6 0.4 0.42 0.003 0.7 0.004 123.9 0.8 237.6 0.4 0.045 0.002 1.005 0.018 
Graf Morilon 2007 Austria 97.2 0.46 95.5 0.4 0.41 0.003 0.51 0.002 205.0 4.0 414.2 0.2 0.064 0.001 0.845 0.008 
Fontanasana 2009 Italy 49.5 0.59 91.9 0.9 0.61 0.005 0.36 0.001 151.3 0.6 197.0 0.3 0.206 0.002 0.223 0.003 
(not 
described) 2009 Austria 68.0 0.26 88.6 0.4 0.48 0.006 0.37 0.001 157.3 1.2 533.0 0.7 0.012 0 1.359 0.031 
Rkatsiteli 2008 Georgia 78.6 0.31 80.7 0.5 1.33 0.014 0.86 0.004 170.0 1.0 310.6 2.0 0.373 0.006 1.211 0.007 
Rkatsiteli 2009 Georgia 79.5 0.83 87.4 0.2 2.13 0.004 0.69 0.003 169.5 1.4 445.2 1.3 0.079 0 1.567 0.011 
Range 
  
49.5-97.2 62.6-107.9 0.41-1.33 0.36-0.96 117.5-278.7 197.0-536.5 0.034-0.486 0.073-1.567 
Red wines 
                  Cabernet 
Franc 2010 Switzerland 70.9 0.7 85.9 0.8 0.38 0.001 0.68 0.009 196.3 1.5 499.6 0.5 0.037 0.001 0.845 0.01 
Saperavi 2008 Georgia 77.2 0.15 127.0 0.2 1.84 0.004 0.91 0.002 201.7 2.1 518.4 0.4 0.018 0.001 4.282 0.032 
Saperavi 2007 Georgia 57.8 0.17 125.4 0.5 2.13 0.004 0.94 0.001 255.7 1.5 413.1 0.7 0.054 0.002 0.688 0.003 
Saperavi 2008 Georgia 55.2 0.65 107.2 1.1 2.12 0.004 0.53 0.007 201.7 1.2 351.8 0.2 0.037 0.002 0.384 0012 
Range     55.2-77.2 85.9-127.0 0.38-2.13 0.53-.094 196.3-255.7 351.8-518.4 0.018-0.037 0.384-4.282 
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Table 28: Comparison of the average values obtained for K, Ca, Zn, Mg, P, Mn, Cu, Fe with reported 
values. 
  White wines Red wines   
Parameter Observed Values Reported values Observed Values Reported values References 
K 197.0 - 536.5  115.29- 612.16 351.8- 518.4 650.65-1732.94  
Ribereau-Gayon et 
al. 2006; Laurie et 
al. 2010; Álvarez et 
al. 2007; Ough & 
Amerine 1988; 
Ough et al. 1982 
Ca 49.5 - 97.2  44.7-108.81  55.2-77.2  53.06-160.89  
Ribereau-Gayon et 
al. 2006; Laurie et 
al. 2010; Álvarez et 
al. 2007; Ough & 
Amerine 1988; 
Ough et al. 1982 
Zn 0.36 - 0.96 0.08-1.49  0.53- 0.94 0.21-1.63 
Laurie et al. 2010; 
Álvarez et al. 2007; 
Ough & Amerine 
1988; Ough et al. 
1982 
Mg 62.6 -107.9  56.17-131.01  85.7 -127.0 94.27-196.02  
Laurie et al. 2010; 
Álvarez et al. 2007; 
Ough & Amerine 
1988; Ough et al. 
1982 
P 107.7- 205.0 54.6- 88.0  196.3- 255.7 54.6- 88.0  Álvarez et al. 2007 
Mn 0.41- 2.13 0.14-.1.14  0.38- 2.13 0.14-.1.14 Álvarez et al. 2007 
Cu 0.034-0.486 0.028-0.4 0.018- 0.037 0.212-1.23 
Banović et al. 2009, 
Ough et al. 1982, 
Provenzano et al. 
2010 
Fe 0.073-1.567 0.036-6.76 0.384- 4.282 0.98-9.3 
Banović et al. 2009, 
Laurie et al. 2010, 
Ough et al. 1982, 
Anjos et al. 2003 
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 DISCUSSION IV.
IV.1 WILD YEAST CHARACTERISATION 
The isolation media we used enabled us to select different yeasts that were present in the 
winery environment and in wine musts undergoing spontaneous fermentation in steel tanks, 
thus favoring the detection and proliferation of some yeast species over others. Rose Bengal 
Chloramphenicol Agar (RBCA) medium was chosen instead of Sabouraud medium because 
the latter favored mold growth over yeasts (data not shown). Freezing the samples prior to 
analysis may have reduced the viability of the yeast, although it is thought this is a minor 
effect (Lodhi et al. 1994, Pardo et al. 2009). Therefore, we acknowledge that yeast species 
present in low numbers are unlikely to be detected using this method, whereas abundant 
species are more likely to be recognized. Thus, only seven yeast species were isolated from 
the grape surface (A. pullulans, C. magnus, F. floriforme, R. mucilaginosa, W. saturnus and Z. 
florentinus), with A. pullulans and R. mucilaginosa previously reported as colonizers of the 
grape surface (Martini 1993). A further 11 yeast species were isolated from vineyard air 
samples, all of which had previously been detected in winery environmental samples (Martini 
1993, Raspor et al. 2006). The anamorphic yeast Kloeckera apiculata, previously reported as 
the predominant yeast species on the grape surface and in air samples (Martini 1993), was not 
found in our investigation but instead the telomorphic species H. uvarum was found in our 
environmental samples. 
We found that differences in yeast diversity were often dependent on the grape variety. This 
phenomenon can be attributed to several factors, including the different stages of berry 
ripening at harvest, physical damage to the grape surface, and pest management practices 
(Raspor et al. 2006). Although we studied different grape varieties grown in the same area and 
processed at the same winery, microclimatic conditions and viticultural practices may have 
influenced the yeast diversity we detected.  
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Most of the yeasts isolated from the vineyard air were also present in the grape juice at the 
beginning of fermentation. All the yeasts identified in the cellar were also found later in the 
fermenting must. Rhodotorula mucilaginosa was found in air samples from both the vineyard 
and the cellar, and on the grape surface, but not on the tank surface. During 2008, Z. 
florentinus was the only species found in all environmental samples (air and contact samples, 
from both the vineyard and the cellar).  
The viable counts of the environmental samples showed the presence of only non-
Saccharomyces species. Although S. cerevisiae and related species such as S. bayanus are 
predominantly responsible for fermentation, they represent only a small fraction of the 
diversity we identified, which is consistent with other reports showing that S. cerevisiae is 
rarely isolated from natural sources such as berry and leaf surfaces when using viable count 
methods (Martini 1993, Vaughan-Martini and Martini 1995, De La Torre et al. 1999, 
Pretorius 2000). The small number of species isolated from the cellar environment (air and 
tank surface) during 2009 compared to 2008 may have been caused by the sanitary conditions 
adopted by the winery after the sampling results in 2008. 
IV.2 WILD YEAST DYNAMICS DURING SPONTANEOUS FERMENTATION 
 Spontaneous fermentation in pilot steel tanks IV.2.1
The dynamic behavior of the yeast populations through the different stages of fermentation in 
steel tanks also differed among grape varieties. The detection of some yeast species only 
during the later stages of fermentation probably reflects their proliferation to cell numbers 
above the detection threshold of our assay, rather than their genuine absence at the beginning 
of fermentation. The relative greater diversity of yeast species in red compared to white wines 
is consistent with the higher pH of red wines, providing favourable conditions for yeast 
growth (Deak and Beuchat 1993). In white wines, yeasts isolated from the grape skin were not 
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found in the must, probably because they remained in the skin fraction during clarification, 
and this may also have contributed to the lower species diversity we observed. 
The higher yeast diversity during the early stages of fermentation predominantly reflects the 
low ethanol tolerance of non-Saccharomyces species (Egli et al. 1998, Torija et al. 2001, Fleet 
2003, Combina et al. 2005, Satora and Tuszynski 2005, Di Maro et al. 2007). Nevertheless, 
we found that non-Saccharomyces yeasts such as P. klyveri, P. membrefaciens, R. 
mucilaginosa and M. pulcherima were active in the late fermentation stages in some must 
varieties. This is consistent with previous reports of ethanol tolerance in M. pulcherima 
(Querol et al. 1990, Torija et al. 2001, Di Maro et al. 2007), but R. mucilaginosa is usually 
found during the early stages of fermentation, and its presence along with the Pichia species 
later in fermentation could add complexity but also reduce the wine quality (Deak and 
Beuchat 1993, Loureiro and Malfeito-Ferreira 2003).  
Considering the results from the 2008 and 2009 harvests together, we observed that the 
generally higher yeast diversity in the must at the beginning of the fermentation was 
coincident with the rapid onset of the exponential phase. We evaluated the interrelation 
between the yeast species and the success of fermentation. We found that despite the diversity 
of yeasts in red and white varieties, white musts generally contained higher residual sugar 
levels than red musts and that sluggish fermentation was more likely. Such fermentations 
were characterized by the initial predominance of C. zemplinina and S. bayanus, as well as 
lower levels of M. pulcherima and S. cerevisiae, contrasting with the red wine musts. The 
impact of these properties on fermentation reflect the better performance of S. cerevisiae 
compared with the lower fructose uptake capacity of S. bayanus (Magyar and Tóth 2011), 
which is consistent with our results. 
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 Dynamic behaviour of wild yeasts during spontaneous fermentation in IV.2.2
Qvevris 
The qPCR method developed represents a rapid, sensitive and culture-independent detection 
of yeast species throughout fermentation, revealing that the non-Saccharomyces yeast R. 
mucilaginosa and P. anomala dominated the final stages of spontaneous fermentation in 
Qvevris. These results are important because non-Saccharomyces yeasts can influence the 
flavor and quality of wine in both positive and negative ways (Mora et al. 1990, Longo et al. 
1992, Lema et al. 1996) despite their metabolic activity and abundance (Hierro et al. 2006, 
Andorra et al. 2008, Zott et al. 2010). 
The diversity of the yeast species was variety-dependent and vintage-dependent, with C. 
zemplinina and P. angusta present only in the variety Resi, and P. kluyveri present in both 
wines but only during the 2010 harvest. Hanseniaspora uvarum has previously been identified 
as the predominant species during the early stages of fermentation (Torija et al. 2001, 
Rementeria et al. 2003, Combina et al. 2005, Di Maro et al. 2007) but we found no evidence 
for this species on the grape surface (viable cell count method) and found it was less prevalent 
during Qvevri fermentations (qPCR method). In contrast, R. mucilaginosa was found to be 
abundant in both the Qvevri and steel-tank fermentations using qPCR and culture-dependent 
methods, respectively. 
The Resi fermentations commenced almost immediately in 2011, even though similar 
numbers of yeast cells were present at the beginning of fermentation in both years and S. 
cerevisiae was less abundant in 2011 than 2010. The minimal lag phase and rapid 
fermentation (completed in 3 days) could be explained by the climatic conditions in the weeks 
prior to harvest, which increased the temperature of the berries and the must after crushing 
(data not shown), favouring the rapid proliferation of S. cerevisiae. This suggests that berry 
temperature before pressing could play a key role in the success of spontaneous fermentation. 
This hypothesis was tested by studying parallel fermentations. Ermitage fermentations 
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underwent a longer lag phase in 2011 (11 days) than 2010 (5 days, reaching dryness by day 
14). During 2011, R. mucilaginosa and P. anomala were the predominant species throughout 
fermentation, and these are considered spoilage yeasts (Pitt and Hocking 2009). Several 
previous studies have shown that longer lag phases provide an opportunity for non-
Saccharomyces yeasts and other microorganisms to outcompete beneficial microbes and 
produce toxic and/or noxious compounds, causing spoilage (Drysdale and Fleet 1989, 
Edwards et al. 1990, Edwards et al. 1998, Bisson 1999, Torija et al. 2003). Accordingly, we 
found that 0.65 g L-1 acetic acid was produced in this fermentation, which is above the upper 
range in normal wines and considered undesirable (Lambrechts and Pretorius 2000, Mato et 
al. 2007, Vilanova et al. 2009). 
Despite the presence of spoilage yeast, the success of spontaneous fermentation seems to 
correlate with the length of the lag phase, since fermentations with a longer lag phase were 
more likely to fail. The onset of fermentation also depended on the temperature of the must, 
so this is a key factor to consider when predicting the outcome of a spontaneous fermentation. 
Integration of novel analytical methods with traditional winemaking using Qvevris provides 
the basis for further experiments to determine the influence of Qvevris on spontaneous 
fermentation. Comparative studies with steel-tank fermentations, using the same raw 
materials (grape variety and harvest year) should be carried out to investigate the impact of 
Qvevris in more detail. 
IV.3 IMPACT OF WILD YEAST ON AROMA 
 Aroma profile during spontaneous fermentations in Qvevris IV.3.1
The aromas produced during spontaneous fermentations in Qvevri vessels were studied in the 
varieties Resi and Ermitage during harvest 2010 and 2011. This study represents a novel 
evaluation of aroma profile of wines produced spontaneously in Qvevris, since no other 
scientific studies in this winemaking process are reported. As higher alcohols and esters are 
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produced mainly by yeast during alcoholic fermentation, and yeast varies during the course of 
spontaneous fermentation, variations in the higher alcohols content were expected. 
Differences found in the aroma profiles between Resi and Ermitage spontaneous 
fermentations can be attributed to differences in the varieties used more than an effect caused 
by the spontaneous fermentation. Despite the knowledge that the compounds evaluated are 
produced during the fermentation, the aromatic precursors providing of the  variety are 
supposed to make the difference. Especially high levels of ethyl acetate during the 
spontaneous fermentation of Ermitage were produced during harvest 2011. This result could 
be explained due the extended lag phase of the fermentation when compared to harvest 2010. 
It is a well reported fact that extended lag phases lead to the non-Saccharomyces to develop 
and cause possible defects in wine (Fleet and Heard 1993, Torija et al. 2003). The presence of 
R. mucilaginosa and P. anomala, considered contaminating yeast in wine (Pitt and Hocking 
2009) were found pre-dominantly during 2011´s fermentation, therefore explaining the results 
obtained. In harvest 2010 these yeasts were also present, however in lower concentrations, 
and the concentration of S. cerevisiae higher, thus favouring faster onset of the fermentation 
and lesser production of possible off-flavours.  
In the variety Resi, despite the fast onset of the fermentation observed during 2011, the 
fermentations have very similar aromatic profiles, which correspond with similar yeast 
dynamics during both harvests. Slightly higher levels of some fusel alcohols and esters were 
found during 2011´s harvest. The development of higher alcohol may originate from grape-
derived aldehydes, by the reductive denitrification of amino acids, or via synthesis from 
sugars as product of the yeast metabolism (Jackson 2008). However, in this study, no evident 
differences on the yeast population and its concentration were observed. The formation of 
higher alcohols is influenced also by fermentation temperature and ripeness of the grapes 
(Jackson 2008), which is consistent with the highest temperatures prior to the harvest during 
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2011 and might have caused higher temperatures inside the Qvevris. Ester production is a 
consequence of the reaction between acid and alcohol present in the wine (Sumby et al. 2010), 
thus the higher alcohol levels produced during 2011 will consequently explain the higher ester 
formation. Despite the fact that during 2010´s and 2011´s fermentations the yeast P. anomala 
was dominant, no problematic fermentation or high levels of ethyl acetate were found. As 
mentioned before the key factor was the fast onset of the fermentation, leaving no time for 
this “undesirable” yeast to do its job.  
The variety of the grapes used, irrespective the yeast strain, also influenced higher alcohol 
formation (Rankine 1967). This is confirmed by differences in aroma composition of the 
Qvevri wines produced in harvest 2010 and 2011 observed for the varieties Resi and Ermitage 
studied. During harvest 2011, the presence of higher alcohols was higher in harvest 2011. The 
factors which might have influenced these results are the yeast strains present, the must 
composition and the fermentation conditions. Aeration during fermentation is also considered 
a factor in higher alcohol formation (Radler 1960). In this case the porosity of the Qvevris 
may favour micro-aeration and subsequent production of higher alcohols, however in both 
years the wines were produced in Qvevris, therefore the differences could be only attributed 
to the other factors mentioned. 
 Micro-fermentations inoculated with pure or mixed-cultures  IV.3.2
Micro-organisms, especially yeasts, are responsible for secondary aromas of a wine. Yeast 
plays a pivotal role in determining the composition of a wine during fermentation. In this 
study pure and mixed-cultures were used as starters in micro-fermentations to evaluate the 
influence of wild yeast in wine aroma. To avoid the effect of varietal aroma produced during 
fermentation, the same grapes were used for all the experiments, so the effect observed belong 
only to the yeast influence.  
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In the pure-culture studies, extended lag phase and long fermentations, with consequent high 
production of secondary metabolites, were found in fermentations with non-Saccharomyces 
yeast. These observations are in accordance with several studies reporting extended lag phase 
and fermentation time thatleads to the high production of secondary metabolites, such as 
higher alcohols in fermentation with non-Saccharomyces yeast (Lambrechts and Pretorius 
2000, Jackson 2008, Andorra et al. 2012). The presence of higher alcohols significantly 
influences the taste and character of a wine, and is related to pleasant aromas. However, in 
high concentrations higher alcohols interact synergistically with other compounds causing an 
unpleasant pungent taste. For some persons, the pungent taste in white wines can be a 
desirable characteristic that provides more character to the wine, and in the case of white 
wines makes feel less soft and fruity than normal. The results show that the yeast strain 
selected has a strong influence on the higher alcohols produced during the fermentation. The 
PCA showed that the presence of higher alcohols was predominant in the fermentations 
inoculated with non-Saccharomyces yeast, especially when inoculated with M. pulcherima, 
and high levels of 1-propanol in the fermentation inoculated with H. uvarum. These findings 
are consistently reported (Moreira et al. 2011), but are in disagreement with other publications 
stating that non-Saccharomyces yeast produce less concentrations of higher alcohols than S. 
cerevisiae (Clemente-Jimenez et al. 2004, Moreno-Arribas and Polo 2010, Comitini et al. 
2011). The synthesis of higher alcohols is reported to be influenced by many factors as the 
presence of oxygen, temperatures, sugar content of the grapes, skin contact time, the presence 
of suspended material in the fermentation juice, etc. (Jackson 2008, Moreno-Arribas and Polo 
2010). A possible explanation is that the results obtained in this study are more related to the 
length of the fermentation (caused by non-Saccharomyces) than the influence of the species. 
The formation of ethyl acetate was found consistently higher in the fermentations with P. 
anomala than Saccharomyces and the other non- Saccharomyces fermentations. This species 
has been reported in previous studies for producing elevated amounts of ethyl acetate 
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(Peynaud and Domerco 1959, Plata et al. 2003, Comitini et al. 2011, Moreira et al. 2011). In 
the mixed-culture studies, the production of this compound showed significant differences 
among the treatments: in mix 1 (H. uvarum+ M. pulcherima) we found significantly higher 
levels than mix 2 (P. burtonii+ P. anomala), or mix 3 (all these yeast together). It is important 
to consider that in all mixtures S. cerevisiae was present. When comparing the three mixed 
cultures with the pure-culture S. cerevisiae fermentation, the production of ethyl acetate was 
significantly lower in the pure-culture fermentations. These results show evident differences 
in the metabolism by S. cerevisiae as pure culture and as part of a mixed culture. The presence 
of ethyl esters (fruity aromas) is normally reported as common by the use of non-
Saccharomyces yeast (Jolly et al. 2006). Esters contribute favourably to wine aroma as fruity 
characters. In this study, according to the PCA, the presence of hexanoic acid, octanoic acid 
and decanoic acid ethyl esters were found to be more related to the use of Saccharomyces 
yeast. However the production of acetic acid ethyl ester, 1-butanol-3-methyl acetate (isoamyl 
acetate) and 1-butanol-2-methyl acetate (amylacetate), which are widely reported for their 
important contribution to banana and fruity-like smell in wine (Francis and Newton 2005), 
were found to be more related to the non-Saccharomyces yeast, especially P. burtonii. In the 
mixed-culture fermentations, no significant differences were found in the production of esters 
when compared to S. cerevisiae inoculations.  
On one hand the use of pure-culture fermentations with non-Saccharomyces have shown 
advantages of producing higher amounts of esters, however this is overshadowed by the 
production of several negative metabolite and fermentation characteristics that generally 
exclude their use as starter cultures. The most important spoilage metabolite produced by non-
Saccharomyces yeast in this study was ethyl acetate. On the other hand, the use of mixed 
fermentations using controlled inoculation of S. cerevisiae starter cultures and non-
Saccharomyces yeasts represent a feasible way towards improving the complexity and 
88 
enhancing the particular and specific characteristics of wines. It is a well-established fact that 
the use of non-Saccharomyces yeastcontributes toproduction of secondary metabolites, thus 
contributing to the taste and flavour of wines (Andorra et al. 2012). 
Modulation of the inoculum levels of these selected non-Saccharomyces/ S. cerevisiae 
cultures can vary as a function of the yeast species used, and it is crucial factor for the 
optimisation ofdesired wine characteristics. Interactions among these yeasts during mixed 
fermentation need to be further investigated to avoid the production of toxic compounds 
(Nissen et al., 2003), while modulating the concentrations of the analytical compound of 
interest.  
 Aroma profile of samples fermented at different temperatures IV.3.3
Yeast synthesizes a wide range of volatile aromas during wine fermentation. In this study, the 
influence of temperature on the production of important yeast-derived wine aroma compounds 
during spontaneous fermentations was assessed. The widely used commercial wine yeast S. 
cerevisiae (Levuline Pro), well known for being a robust fermenter and aromatically ‘neutral’ 
strain, was used as a starter culture and control. 
There was a general effect by temperature and a yeast / temperature interaction. Fermentation 
temperature principally affected the onset and fermentation performance, for example, at 18° 
fermentations was lengthened. A reduction in temperature directly influences the yeast 
population, causing a change in dynamic and favouring the development of non-
Saccharomyces. The presence of non-Saccharomyces species interferes in the establishment 
of the Saccharomyces species by nutrient competition (Fleet and Heard 1993). Modification 
of yeast dynamics as observed in this study has also been reported in other studies. At low 
temperature some non-Saccharomyces yeast increases their ethanol tolerance, being able to 
survive through fermentation (Gao and Fleet 1988, Ciani et al. 2010). This is directly 
connected to the high amounts of ethyl acetate produced in the fermentations performed at 
89 
18°C, and correlated with the results obtained in the pure-culture studies in which the cultures 
with non- Saccharomyces yeast were the highest producers of this compound. The formation 
of acetaldehyde (also a considered a problem) was not significantly different at different 
fermentation temperature, as well as when using pure-culture fermentations.  
Differences in fermentation temperature did not produce significant differences in the 
production of higher alcohols as 1-propanol-2-methyl, 1-butanol-3-methyl and 1-butanol-2-
methyl in spontaneous fermentations. However, significant differences were found when 
comparing these values with the control (inoculated with S. cerevisiae and fermented at the 
temperature recommended by the producer). These results agreed with those reported by 
Molina et al. (2007) in that formation of isoamyl alcohol at 25°C is not significantly lower at 
20°C. 
Higher levels of esters, such as 1-butanol-3-methyl acetate, hexanoic acid and octanoic acid, 
at low fermentation temperatures is expected in wines (Longo et al. 1992, Molina et al. 2007, 
Jackson 2008). In this study no high levels of the analysed esters were observed in the low 
temperature (18°C) Resi (white variety) fermentations. Production of 1-butanol-3-methyl 
acetate, hexanoic acid and octanoic acid was not significantly different at 18, 24 and 28°C. 
The temperatures used in this study were not so low to favour the fruit esters formation, such 
as isoamyl, isobutyl and hexylacetates, according to Molina et al. (2007), but high enough 
(~20°C) to favour the formation of higher-molecular- weight esters as octanoic acid, decanoic 
acid and phenethyl acetate (Jackson 2008). This could explain the limited differences found. 
In red wine fermentation (Cabernet Franc) the production of high-molecular-weight esters 
was observed only when fermentation was performed at 28°. These results correspond to 
those reported by Molina et al. (2007) in whom work they explain that in red wines the 
fermentations at 28°C would increase the production of esters, while in white wines this is 
favored at 15°C. 
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Spontaneous fermentation at low temperatures could add complexity, especially in white 
wines, however for red wines the risk of failed fermentation and the consequent production of 
undesired volatiles compounds is highly expected. The yeast population available in the must 
is important to consider, and in case the presence of reported spoilage yeast is detected 
performing fermentations at higher temperatures to favour a fast development of the 
Saccharomyces to diminish the risks, is recommended.  
IV.4 CHARACTERISATION OF SELECTED CHEMICAL FEATURES IN QVEVRI 
WINES 
  General wine parameters IV.4.1
The acidity of a wine, especially the pH, plays an important role in wine taste and wine 
stability (Rajković et al. 2007). The higher pH values found in Qvevri wines may reflect the 
ripeness of the fruit, the longer maceration times that are used during Qvevri wine production, 
or both. A high pH makes wines more prone to oxidation (Volschenk et al. 2006, Waterhouse 
and Laurie 2006) thus favoring microbial contamination and spoilage (Volschenk et al. 2006, 
Jackson 2008). Oxidation make the wine color intensity decreases, and more brown hues 
appear. This browning is especially unattractive in white wines. These results were 
concomitant with the low titratable acidity (which is the main acidity component of wines) of 
the Qvevri wines. 
Low levels of acetic acid do not necessarily reduce the sensory qualities of wines and can 
even add complexity to the taste and aroma. Normal levels of acetic acid (0.3 g L-1) impart 
desirable flavor properties (Jackson 2008). However, some of the values found in most of the 
wines were close to the upper limit of values for conventional table wines (0.2-0.7 g L-1) and 
even higher than values considered to be objectionable (1.1 g L-1) in the case of the wines 
from varieties Terralba and Graf Morilon. The high levels of acetic acid could be caused by 
the long maceration time or the oxidative conditions during juice handling (Jackson 2008). 
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The fatty acid metabolism of yeast and bacteria present on the grape skins may also 
contribute, particularly certain non-Saccharomyces yeast which predominate during the early 
stages of spontaneous wine fermentation (Lambrechts and Pretorius 2000, Jackson 2008). The 
production of wines in Qvevris makes it difficult to maintain sanitary conditions, thus 
encouraging the growth of microbes. 
The lactic acid content of the Qvevri wines fell within the normal range for conventional 
wines, whereas the levels of malic acid were generally lower than normal. Low malic acid 
levels are often found in wines that undergo malolactic fermentation (i.e. malic to lactic acid 
conversion by lactic acid bacteria), and the temperature of fermentation in Qvevris would 
support this process (Barisashvili 2011). However, the low malic acid levels in the wine could 
also directly reflect the limited amount of malic acid in the grapes, or it could be caused by 
the precipitation of L-malic acid salts during wine aging. Similarly, the low levels of tartaric 
acid compared to conventional wines could also reflect the availability of tartaric acid in the 
grapes or the precipitation of tartrate salts during aging.  
 Phenolic content IV.4.2
High levels of phenols and antioxidants are beneficial for human health as vastly reported in 
the last years (Frankel et al. 1995, Darias-Martı́n et al. 2000, Phillips 2000, Walzem 2008, Dai 
and Mumper 2010). Antioxidants are also very important for the sensory properties of a wine, 
providing bitterness, astringency and different aroma profile (Marais and Rapp 1988, Darias-
Martı́n et al. 2000, Sun et al. 2003, Di Majo et al. 2008, Kennedy 2008, de Bruijn et al. 2009), 
therefore their presence is desired. 
As expected, the Qvevri wines analysed presented higher levels of total phenolic content and 
TAS when compared to the values reported for conventional wines (fermented without 
pomace), especially in the case of the white wines. The higher levels of total phenols and TAS 
found in the white wines analysed might reflect the prolonged skin contact time. The levels in 
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red wines were, as expected, as high as in conventional winemaking, since in both methods 
the wines have a prolonged skin/seed contact time. These results are consistent with the 
results obtained by Darias-Martı́n et al. (2000) and Lachman et al. (2007). Most of the 
phenolic presents in a wine are provided by the grapes skin and seed (Yıldırım et al. 2005), 
but some can also originate from microbial sources (Kennedy 2008). In this work the wines 
analysed were fermented with prolonged skin contact time, therefore we could associate the 
higher total phenolic content and TAS directly to the skin contact time. However the wines 
were also fermented spontaneously with a complexity of micro-organisms involved (as 
mentioned before), therefore to assume influence only due to skin contact time would be 
incorrect. As the influence of the microbial diversity on the phenolic content is assumed to be 
minor, the work was focused mainly on the skin contact effect. To evaluate the influence of 
the microbial diversity on the total phenolic content in wine further studies should be 
conducted. The differences in total phenols and TAS content within the samples could be 
attributed to the grapes varieties used, the degree of ripeness and to the skin/seed contact time, 
however exact information for each wine was not available.  
The presence of anthocyanins was only evaluated in red wines, as they are a red pigment 
responsible for the colour found only in the skin of red varieties. In the case of Qvevri white 
wines, the longer skin/seed contact time provided an intense amber (or golden) color which 
was observed in all samples. The deep yellow-gold color of the Qvevri white wines probably 
comes fromoxidation of phenolics and possibly galacturonic acid (Jackson 2008), attributed to 
fermentation with pomace and micro-oxygenation of the wine (Kilmartin 2009) supposedly 
favoured by the porosity of the Qvevris (Barisashvili 2011). Golden shades in sweet white 
wines may also derive from the formation of melanoidin compounds by Maillard reactions, or 
the caramelisation of sugars, but this does not apply for the wines analysed as they presented 
low residual sugar (dry wines). 
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The presence of anthocyanin’s has been reported to have a favourable influence not only on 
color stability, but also on taste and mouthfeel, conferring reduced astringency to wines 
(Jackson 2008). 
 Mineral content IV.4.3
Mineral concentration in grapes and wine reflects the uptake characteristics of soil, climatic 
conditions in where the grapes are grown, fungicides applied for disease control in grapes, 
and winery equipment (like fermentation tanks), etc. (Jackson 2008, Banovic et al. 2009, 
Laurie et al. 2010, Baroñ and Fiala 2012). Higher concentration of minerals were anticipated 
in the Qvevri wines because the vessels are made of clay, from which minerals could leach, 
whereas conventional wines are fermented in steel vats. However, the Qvevris are treated with 
lime before they are filled, and inside wells are coated with melted beeswax to prevent leaks 
(Barisashvili 2011). This presumably also forms a barrier that prevents direct contact between 
the wine and the clay, and therefore avoid extensive mineral leaching. 
Results of this study are consistent with previous observations indicating that red wines may 
have higher concentrations of metals than white wines (Coetzee et al. 2005, Laurie et al. 
2010).  
The only mineral found to be higher than reported values was phosphorus. The higher levels 
of P may be attributed to the length of skin contact time and the subsequent leach of this 
element fromgrape skins into the wine during the winemaking process (Banovic et al. 2009, 
Laurie et al. 2010). This could have also have come from the vineyard (soil, grapes, etc.) or 
winery equipment (Banovic et al. 2009).  
Potassium, as a predominant element, has the greatest effect on changes in acidity (Baroñ and 
Fiala 2012), which is consistent with the high acidity levels found in the wines. The increase 
in the alcohol content during  fermentation reduces the solubility of the potassium bitartrate 
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causing precipitation. Precipitation of potassium bitartrate then results in an increase in acidity 
(Jackson 2008). 
Concentrations of Cu found in this work were lower than the values reported. The difference 
in Cu content might be due to the fact that the substantial porosity of the Qvevris favours 
natural aeration of the must during the winemaking process. Therefore, their higher oxygen 
content may increase copper oxidation and copper salts precipitation (Hsia et al. 1975, 
Suturovic and Marjanovic 1998, M. R. Provenzano et al. 2010). 
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 CONCLUSIONS AND REMARKS  V.
In this study two important aspects of traditional wines have been considered: first, the 
dynamic of wild yeast during spontaneous fermentation in Qvevris and their effect on aroma; 
and second, the effect of prolonged skin/seed contact time and use of clay vessels (Qvevri) in 
the final wine composition.  
Results of the characterisation of yeast in the winery showed that it is possible to find non-
Saccharomyces wild yeast in vineyards and  the wine cellar, through the ubiquitous presence 
of: M. pulcherima, R. mucilaginosa and some Pichia species. The cellar presence of these 
yeasts could be managed by adequate and intensive disinfection. These yeasts also participate 
significantly during spontaneous fermentation of must and remain active at late fermentation 
stages, detrimentally affecting wine quality through production of high amounts of acetic 
acid, higher alcohols and ethyl acetate.  Fermentation temperature plays a key role by 
favouring development of non-Saccharomyces yeast, affecting not only aroma but also the 
global fermentation rate. This effect could be regulated by increasing the must temperature 
before fermentation in order to favour faster development of S. cerevisiae, which is normally 
found in a lower concentration in just-pressed must. When the appropriate temperature (24°C) 
is had, the presence of non-Saccharomyces yeast does not represent a problem, since higher 
temperatures favour the growth of S. cerevisiae over others. Appropriate control of sanitation 
and temperature conditions in Qvevri vessels is complicated; therefore, to ensure successful 
fermentation measures should be taken before filling the tanks. In conclusion, the wild yeast 
identified in this thesis as having a positive or a negative impact on wine quality could be 
incorporated into generic tools for continuing research, as well as forming the basis of a new 
generation of bio-sensors for monitoring wine quality. The effect of the initial yeast 
concentration and the grape/must temperature on the length of the fermentation lag phase, and 
thus quality of spontaneous fermentation, should be further investigated to improve the 
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performance of such a device. This study provides the first quantitative evidence describing 
the dynamic behaviour of yeast populations during spontaneous fermentation in Qvevri 
vessels. The comparison of Qvevri and conventional wines showed that traditional 
winemaking methods, particularly prolonged skin contact time, influence the composition of 
the resulting wine, principally affecting the abundance of phenolic compounds and total 
antioxidant status. Additional studies are required to determine whether the use of Qvevris is a 
critical factor or whether the unique properties of Qvevri wine simply reflect differences in 
the fermentation technique, e.g. the initial oxidative environment and lengthy skin contact 
time. Our results provide a baseline for further experiments to explore in greater depth the 
presence of key compounds that may facilitate the recognition and differentiation of wines 
made by traditional and conventional methods. This study also represents the first 
compositional study of naturally fermented Qvevri wines.  
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 SUMMARY VI.
In this work the dynamic behaviour of wild yeasts during spontaneous wine fermentation at a 
winery in the Valais region of Switzerland was studied. Wild yeast in the winery environment 
(i.e. the grape surface, vineyards and cellar) were characterised using a novel polymerase 
chain reaction/terminal restriction fragment length polymorphism (PCR T-RFLP) method. Up 
to 11 different yeast species were isolated from the vineyard air, whereas only seven were 
recovered from the surface of grapes. We initially investigated a culture-independent 
cultivation method in pilot-scale steel fermentation tanks and found greater diversity of yeast 
in the musts from two red grape varieties compared to three white grape varieties. We found 
that the yeast Metschnokowia pulcherima, Rhodotorula mucilaginosa, Pichia kluyveri, P. 
membranifaciens and Saccharomyces cerevisiae remained active through to the end of the 
fermentation process. We also studied the dynamic behaviour of yeast in Qvevris (amphora-
like clay vessels) for the first time using a novel, highly-sensitive quantitative real-time PCR 
method. We found that non-Saccharomyces yeasts were present during the entire fermentation 
process, with R. mucilaginosa and P. anomala the most prominent species. We studied the 
relationship between the predominance of different species and the output of the fermentation 
process. We identified so-called spoilage yeasts in all fermentation procedures, but high levels 
of acetic acid accumulated only in fermentations with an extended lag phase. It was found that 
growth of non-Saccharomyces species, such as P. anomala and R. mucilaginosa was favoured 
when fermentations were performed at colder temperatures (18°C), consequently producing  
more ethyl acetate and higher alcohols.  
The organic and mineral components of 20 qvevri wines from selected wineries throughout 
Europe were evaluated to gain insight into one of the oldest known methods of wine 
production. Qvevri wines were less acidic than conventional wines, containing higher levels 
of acetic and lactic acids but lower levels of tartaric acid. They also contained higher levels of 
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antioxidants and total phenolic, the latter being up to 10 times more abundant in white wine 
varieties than conventional wines. Despite fermentation in clay vessels, the mineral content of 
Qvevri wines was within the normal reported range, although the levels of phosphorus were 
slightly higher. This is one of only a few studies that have considered the compositional 
nature of Qvevri wines. 
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